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ABSTRACT
LIGHT SCATTERING FROM FLEXIBLE POLYMER SOLUTIONS
IN ELONGATIONAL FLOWS
FEBRUARY 1992
MALIKA JEAN MENASVETA, B.A., MOUNT HOLYOKE COLLEGE
I Ph.D., UNIVERSITY' OF MASSACHUSETTS
Directed by: Professor David A. Hoagland
The non-Newtonian rheology of dilute polymer solutions can be traced to the
flow-induced rearrangements in the conformation of flexible, isolated macromolecules.
Such rearrangements are most pronounced in strong elongational flows; when such a
flow is imposed on a random coil polymer for a sufficient time, the chain can become
highly distorted and the fluid properties highly non-Newtonian. A direct determination
of the magnitude of tlow-induced polymer stretching will lead to a better understanding
of the physical mechanisms responsible for the unique rheology of polymer solutions.
In this study, light scattering methods are employed for the first time to probe the
deformation of flexible polymer coils in dilute solutions undergoing uniaxial
elongational flows. Such flows are created at the stagnation point region of an opposed
jets flow device. This device is positioned so that its stagnation point can be
superimposed on the scattering volume of a specially constructed variable angle light
scattering instrument. Row birefringence is also monitored. After suitable analysis, the
two optical measurements provide the radius of gyration parallel to the stretching
direction and the degree of segmental orientation; both quantities are averages over a 100
|im size region. Data are collected from the good solvent pair polystyrene/toluene as a
function of elongation rate and polymer molecular weight.
vi
The scattering results indicate limited stretching, even at elongation rates greatly
exceeding the reciprocal of the Zimm relaxation time. No evidence is found for
complete chain unravelling. The birefringence does saturate at large elongation rates,
indicating that segmental orientation and global deformation are not necessarily achieved
simultaneously. It is suggested that measurements performed at the stagnation point
actually reflect a larger spatial region of limited average residence time and that this time
is sufficient for segmental orientation but not for chain unravelling.
In addition to flexible polymer solutions, birefringence is also used to monitor
the behavior of stiff polymers in the same flow. Distinction between flexible and stiff
chains are readily discerned in the spatial variation of the birefringence intensity.
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CHAPTER 1
INTRODUCTION TO DILUTE POLYMER SOLUTIONS
IN ELONGATTONAL FLOW
A long, flexible polymer chain, dissolved in dilute solution, adopts a random
coil conformation, which statistically averaged, is spherically symmetric. The
thermodynamic interactions between chain segments and surrounding solvent molecules
determine an average equilibrium size for the coil. This entire description may be altered
when the chain is subjected to hydrodynamic forces generated through external stresses.
Now, the chain may be stretched into a non-equilibrium, anisotropic conformation. In
fact, molecular deformations induced by flow are the origin of the many striking non-
Newtonian Theological properties of dilute polymer solutions. Examples include the
excess pressure drop of laminar flows through porous media and drag reduction in
turbulent flows. In the latter case, by addition of minute amounts of high molecular
weight polymer, the frictional resistance in turbulent flows can be reduced substantially
compared to that of pure solvent. In some extreme cases, flow fields can actually cause
the fracture of the polymer backbone. These interesting flow phenomena are all rooted
in the complex dynamics associated with the stretching and orientation of the individual,
isolated polymer chains. Figure 1.1 depicts a qualitative "snapshot" of the effect of flow
on polymer conformation.
The extent of conformational deformation depends critically on the characteristics
of the applied flow field. Polymer deformation is most pronounced in "strong" flows,
i.e., those possessing high strain rates and minimal vorticity. Low vorticity flows are
also termed elongational or irrotational, since fluid elements are stretched, but not
2Figure 1.1. A qualitative "snapshot" of the effect of flow on the conformation of a
flexible polymer coil.
3rotated, under the imposed motion. Weak flows, such as simple shear, only slightly
perturb the equilibrium, coil conformation. It is the presence of vorticity in shear flows,
even at high shear rates, that limits coil deformation by allowing the chains to rotate and
thereby alleviate the stretching stresses imposed on them. Chains are not forced to rotate
in elongational flows.
In response to a "strong" flow, a statistically coiled chain will extend initially
into an ellipsoidal shape. Further accumulation of strain will eventually result in the
complete unravelling of the polymer to its fully extended conformation; the end-to-end
distance will now approximately match the chain's contour length. Unravelling is
anticipated to take place rapidly, but not instantaneously. Large departures from the
equilibrium conformation obviously require the polymer to remain in the region of high
strain rate for a sufficient time period.
The above description may be summarized in two parameters which express the
ability of a particular flow to deform a polymer chain: the flow strength and the
residence time in the high strain rate region [1]. According to the most widely accepted
theoretical viewpoint, the strength of a steady elongational flow may be written in terms
of the Deborah number De;
De = T£ (1.1)
where T is the chain's longest relaxation time and £ is the applied strain rate. This
dimensionless parameter combines separate molecular and flow characterizations by
simple multiplication. It is derived by balancing the frictional drag force exerted by
solvent on polymer segments with the Brownian restoring force acting on the chain
through thermal motion of the environment. When De is greater than 1.0, the
hydrodynamic forces are stronger than the restoring forces, and the chain may become
appreciably deformed from its relaxed, random coil conformation. Coil deformation and
4segmental alignment in high De, iirotational flows will then take place if individual coils
are exposed to the large strain rate for a long enough time period. A minimum time is
required to assure sufficient accumulation of molecular-level strain, which can never
exceed the affine strain of the fluid. The fluid strain is given, for a steady elongational
flow, as 8t, where t is the residence time or duration of the flow. Large strains (i.e., et
»1) are best attained in stagnation-type elongational flows. Due to the nuU in velocity
at the stagnation point, the fluid elements trapped in that region can experience the
applied hydrodynamic forces for essentially an infinite period.
Coil deformation in elongational flows has been calculated from many molecular
models to take place rather abruptly when the strain rate exceeds a critical value. At
critical conditions, the polymer is believed to undergo a transition from a random coil to
an extended state; this transition is generally known as the "coil-stretch" transition [2].
Among the Theological and optical phenomena sensitive to this transition are elongational
viscosity [3-5] and flow birefringence [6-29]. In a solution of highly deformed
polymers, the stress contribution from chain tension gives rise to an elongational
viscosity enhanced over that of pure solvent. At the same time, the solution becomes
optically anisotropic, and flow birefringence is readily observed.
Direct experimental characterization of the magnitude of polymer deformation
under the influence of a strong flow field has not been attempted previously.
Experimentalists have been deterred by the inherent difficulty in probing the behavior of
individual polymer molecules and also by the lack of means to generate a steady, well-
defined elongational flow field. Although important insights regarding the effect of flow
have been provided from theoretical studies, these predictions involve numerous
assumptions and restrictions, as will be discussed shortly. Molecular response to flow
has therefore been inferred only indirectly, using readily measurable macroscopic
quantities such as viscosity and pressure drop [3-5,30,31]. A closer look on the
5molecular scale has been provided by birefringence studies; however, questionable
assumptions are involved in the interpretation of such data.
This thesis will attempt to avoid such deficiencies by utilizing light scattering, a
technique that directly probes the size and shape of a polymer molecule in solution. In
situ scattering measurements from polymer solutions experiencing a steady, elongational
flow field will provide molecular-level information regarding changes in the
conformation of the polymer coil. Experiments will focus on the effect of elongational
flow on molecular stretching as a function of variables such as strain rate and molecular
weight. We will employ mainly well characterized, monodisperse polymer samples to
avoid unnecessary polydispersity corrections.
Due to the superiority and sensitivity of light scattering over alternate techniques,
these experiments will greatly increase understanding of the behavior of polymer
molecules in flow. Moreover, the information obtained will allow better predictions of
the effect of polymer additives on rheological properties of dilute polymer solutions.
1.1 Elongational Flows
For a steady, homogeneous, elongational flow field, the velocity v is given by
the Cartesian components relative to the principal axes of strain
Vy = %y (1.2)
VZ = £ZZ
where £i are constant elongation rates, with i being x, y, or z. For an incompressible
fluid,
= - (£y + £Z). (1.3)
6In this type of flow, the velocity gradient is constant and the vorticity (V x v), is zero.
Fluid elements are elongated at constant rates ex , ey , ez along mutually perpendicular
directions as they are convected along hyperbolic streamlines. For a uniaxial
elongational flow,
£x = £
Ey = -£/2 (1 4)
£z = -£/2.
In this case, £ is the constant strain or elongation rate. The extension direction is the x
axis and the fluid flows into the region of extension from both the y and z directions. At
the stagnation point of a homogeneous uniaxial flow, v = 0 and the residence time is
infinite.
In practice, it is rather difficult to generate a steady, homogeneous elongational
flow. Fundamentally, these flows are incompatible with the usual no stick boundary
conditions of fluid mechanics. Such problems may be minimized by utilizing devices
which produce stagnation-type flows [3-29]. Although the flow may not be considered
homogeneous over the entire field, in the immediate neighborhood of the stagnation
point, it is homogeneous, steady extension .
1.2 Theoretical Background
Theories for polymer deformation in elongational flow have been intensely
investigated [2,32-43], using models ranging from the basic dumbell to the more
complicated bead-spring models of Rouse [44] and Zimm [45] or the freely jointed
bead-rod model proposed by Kramers [46]. The simplest, the dumbell, although not an
appropriate model for all cases, is believed to capture the main features of the behavior
of a polymer chain in a steady imposed flow field. The main forces acting on the
7dumbell include the hydrodynamic drag, entropic spring, and random Browman forces.
The response of a linear dumbell in the presence of an elongational flow field, when a
critical strain rate is reached, is a sudden transition from an equilibrium to an infinitely
stretched conformation. This critical strain rate occurs when the hydrodynamic drag
force balances the restoring force from the entropic spring, i.e. when xe
-0(1). This is
the so-called "coil-stretch transition" [2].
Refinements and modifications of the simple linear dumbell model have included
nonlinear spring forces and conformation-dependent hydrodynamic friction [2,32-
34,40]. Nonlinear spring forces account for the limited possible extension of a real
polymer chain. For small extensions in weak flows, the spring force will still be linear
while the dumbell remains in its near-equnibrium conformation. For strong flows, this
feature allows the springs to get stiffer as the dumbell becomes highly stretched.
Models for nonlinear spring have included the FENE (finitely extensible nonlinear
elastic) springs [34], the anharmonic spring [42], and spring laws based on the inverse
Langevin function [43]. Conformation-dependent hydrodynamic friction modifications
account for an increase in hydrodynamic drag as the polymer molecule is stretched.
Interior segments which were screened become exposed to the solvent drag as the
polymer chain uncoils, thereby increasing the effective drag force exerted by the solvent
on the polymer. This phenomenon is generally incorporated into the dumbell model by
making the friction coefficient dependent on chain extension in rather ad hoc ways
[2,33,40].
Although the dumbell model may provide approximate descriptions of polymer
deformation in elongational flow, only a single mode of relaxation is incorporated.
More realistic descriptions, incorporating multiple relaxation times, are included in the
bead-spring models of Rouse [44] and Zimm [45] and the bead-rod model of Kramers
[46]. These models encompass the same physical ideas as in the dumbell models but are
mathematically more complex; on the other hand, such models may not require
8ambivalently, constructed, modifications such as finite extensibility and conformation-
dependent friction. In some cases, refinements as in the case of the dumbell to the
multiple bead-spring and bead-rod models have also been proposed [47-49].
Summarizing the results of many studies, flexible polymers in elongational flow at
steady state are predicted to adopt a highly elongated conformation when the De exceeds
a critical value of order 1 ; in most models, in fact, it is assumed a priori that the chain is
fully unraveled. At low De, on the other hand, only limited stretching occurs, and
predictions of the stretching level as a function of De vary between the different models.
For example, many models suppose that the coil-stretch transition occurs from the
relaxed coil state [39] while others propose that the molecule first become cigar-shaped
[2,37]. Whether the elongated, high De conformation persists when the De is lowered
below its critical value remains controversial. Not addressed in any of the current
models is the presence or absence, in real systems, of large conformational barriers that
could "trap" stretched conformations for times greater than X. Such barriers could arise
from intramolecular entanglements or the mutual uncrossability of polymer chains which
could easily restrict the magnitude of stretching. These are important issues, inasmuch
as the residence time in high De regions remains finite in all real systems.
Only a limited number of studies have considered flexible chain models in
transient elongational flow. To simulate an experimental study by Smith et al. [50],
Armstrong et al. [51] modelled polymer molecules as FENE dumbells undergoing
pulse-like elongational flow. The experimental coupled with the simulation results led
them to postulate that intramolecular entanglements may play an important role in
constraining the extent and/or rate of deformation. Aciemo et al. [52] investigated a
multiple bead-rod model in uniaxial elongational flow and followed the molecular
conformation as a function of time. Rallison and Hinch [43] modelled flexible polymer
chains as freely jointed rods in a similar flow environment. Both studies found that the
chains are unable to extend completely during the time scales probed in the simulation
9due to the kinks in the chains that prevent them from unravelling in flow. Later
investigations by Weist and Bird [53], modeling polymer chains as beads connected by
finitely extensible nonlinear elastic springs, and Liu [54], using the multiple bead-rod
model, in a uniaxial elongational flow, suggest that segments of the polymer chain
become oriented in the extension direction before complete unravelling takes place.
Ryskin [55,56], however, proposed the "yo-yo" model which describes a different
uncoiling process. In this model, the polymer unravels by straightening of the central
part of the molecule with two symmetrical coiled portions moving with the flow at each
end. According to Ryskin's calculations, the straightening of the central part of the
chain can generate sufficient stress that non-Newtonian behavior results without the
polymer chain being fully stretched.
1.3 Experimental Background
Several types of flow devices have been developed to generate elongational
flows. Most widely used for dilute polymer solutions are the so-called "stagnation-
point" flow devices, their name being derived from the stagnation point at the center of
the flow field. At the stagnation point, the strain and the residence time of a material
element is infinite. Stagnation point flows can be generated by a variety of flow
geometries including the four roll mill, the cross slot and the opposed jets. The four roll
mill consists of four cylindrical rollers immersed in a solution. Rotation at the
appropriate rates of each roller creates a two dimensional elongational flow between the
rollers. The highest extension rate achievable is about 20 s" 1 [8], thus limiting its use to
highly viscous polymer solutions; this limitation is associated with the onset of flow
instabilities. The cross slot device is normally constructed from four square blocks
positioned to create a uniform cross-shaped opening in the intervening space. A two
dimensional elongational flow is created at the center of the cross by pushing fluid
through two opposing slots and removing it through the other two opposing slots. The
1 0
flow outside the center of the cross region is complicated due to additional shear
generated at the stationary walls. The opposed jets system, generates a uniaxial
elongational flow field by withdrawing fluid through two cylindrical opposing jets.
Strain rates as high as 2.5 x 105 s" 1 can be generated [7] depending on the diameter of
the jets and the gap between them. This flow is uniaxial, while the cross slot generates a
planar flow.
Previous experimental studies have employed birefringence [4,6,7-29] and/or
rheology [3-6] to determine the segmental orientation, and indirectly
,
the extent of
polymer deformation in uniaxial and planar elongational flows. Under quiescent
conditions, flexible polymer chains in dilute solution typically display optically isotropic
properties. Application of sufficiently strong hydrodynamic forces results in orientation
of the local polymer segments in addition to forming an overall anisotropic chain
conformation. Birefringence, sensitive only to the average segmental orientation,
reveals no direct information about the global chain conformation. Only by
hypothesizing a relationship between segmental orientation and chain conformation can
this method be used to infer the global response to elongational flow. Most often the
chain is assumed to be Gaussian [57]. In addition, difficulty arises when interpreting
birefringence data since the optical anisotropy of a statistical segment may depend on the
choice of solvent [58,59].
A result commonly observed for flow-induced birefringence of dilute polymer
solutions in a stagnation-point flow device is a sudden increase in birefringence intensity
when the strain rate reaches a critical value. This intensity then increases with increasing
strain rate and eventually saturates. Saturation of birefringence at high strain rates has
been interpreted as the complete or nearly complete extended unravelling of the chain [7-
9,1 1]. Whether or not the polymer chain is actually stretched to its full contour length is
still open to question since birefringence is sensitive to the local segmental orientation
and not the overall length of the polymer chain.
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In a recent study, Fuller and co-workers [3,5,6] employed an opposed jets
device to simultaneously measure birefringence and the effective extensional viscosity of
dilute polymer solutions. The extensional viscosity rf , given by
(1.5)
where
- Oyy is the difference in the normal stresses in the x and y directions, reveals
information at length scales comparable to the overall size of the chain. For flexible
polymers, saturation of birefringence at high strain rates was observed whereas the
effective extensional viscosity went through a maximum. According to Cathey and
Fuller [6], the difference in the birefringence and extensional viscosity behaviors is due
to the alignment of polymer segments taking place faster than unravelling of the chain at
high strain rates. In addition, they observed that the response of flexible polymers in an
elongational flow field was dependent on solvent quality. Flexible polymers in a good
solvent exhibited a greater enhancement in extensional viscosity than in a poor solvent.
Although the extensional viscosity measurement may be sensitive to the overall
deformed length of the polymer chain, this technique does not directly measure the size
of the extended coil. In addition, these experiments require homogeneous deformation
of macroscopic volumes of material, a constraint nearly impossible to satisfy when
studying "strong" elongational flows of low viscosity fluids. To employ this method,
Cathey and Fuller assumed that the entire flow field between the jets was homogeneous
elongation and that flow outside this region contributed nothing to the forces on the jets
[60].
Scattering is perhaps the only direct method for studying the global and local
conformations of polymer chains in solution. When the appropriate wavelength is
employed, flow-induced deformation of high molecular weight polymers in dilute
1 2
solution can be measured unambiguously. The application of light scattering to flow
environments has been rare, probably due to experimental difficulties encountered in
conducting a light scattering experiment and creating a homogeneous flow field at the
same time. A limited number of investigations have employed light scattering to study
the deformation of flexible polymers in shear and elongational flows. Cottrell et al. [61]
studied the change in conformation of a high molecular weight polymer in a Couette-
type shear device. Their results suggested only a limited change in the conformation of
polymers in shear flows, as predicted by many theories. The only experiments in
elongational flows were by Smith et al. [50] and Lumley [62] where light scattering was
utilized to probe the conformational changes of high molecular weight polymers in a
flow-through orifice geometry. Both studies reported that the maximum stretching ratio
was about 4, much less than expected for an affine deformation at the high De and the
contraction ratio of their flow. Intramolecular entanglements were subsequently
postulated to play an important role in constraining the extent and/or rate of chain
deformation [51]. In addition, chain deformation in transient elongational flows, such
as those investigated by Smith et al. and Lumley, is likely to be smaller than in a steady
flow.
1.4 Introduction to Thesis
The diverse non-Newtonian Theological properties of dilute, flexible polymer
solutions in strong flows are believed to arise from flow-induced rearrangements and
deformation in the conformation of individual molecules. The primary objective of this
work is to quantify the magnitude of stretching and orientation of a polymer chain in
uniaxial elongational flow by light scattering. The results and information obtained
should lead to a better understanding of the underlying physical mechanisms responsible
for the many important rheological phenomena. To achieve this objective, a light
scattering apparatus, capable of probing a scattering volume located at the stagnation
1 3
point of an opposed jets flow device, is constructed. This apparatus is capable of taking
birefringence measurements as well. Chapter 2 addresses the theory and techniques of
light scattering and birefringence, along with a description of the light scattering
apparatus and the opposed jets flow device employed in this study. In chapter 3, results
from light scattering and birefringence measurements of dilute polystyrene solutions are
presented. As a contrast to the flexible polymer systems studied in chapter 3, a
qualitative discussion of flow-induced orientation of two systems of stiff polymers,
xanthan and DNA, is given in chapter 4. Final conclusions and future work suggestions
are discussed in chapter 5. To compliment chapter 2, a detailed description of the light
scattering apparatus and its operations are presented in the appendix.
CHAPTER 2
EXPERIMENTAL: THEORY AND PROCEDURES
2.1 Light Scattering
Measurement of the scattered light intensity from dilute polymer solutions
provides a means of characterizing the polymer chains as well as their thermodynamic
and conformational properties in solution. Specifically, the technique permits a direct
measure of the weight average molecular weight using data obtained by extrapolation to
zero angle and zero concentration. In addition, information on the molecular dimensions
are manifested in the angular dependence of the scattered intensity and thermodynamic
interactions are revealed in the concentration dependence of the same quantity. Scattered
intensity, particularly the angular dependence, may change upon application of flow and
this change should directly correspond to the rearrangements of the polymer
conformation in the hydrodynamic force field.
2.1.1 Dilute Solutions Theory
Figure 2.1 illustrates the scattering geometry, indicating the relative orientations
of the incident light vector I0 , the scattered beam Is , and the scattering vector q. The
scattering vector's magnitude is given by
|q| = ^mf
X 2 (2.1)
Figure 2.1. The scattering geometry indicating the relative orientations of the incident
light vector I0 , the scattered beam Is , the scattering vector q and the principal axis of
stretching P.
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where 0 is the scattering angle and X is the wavelength of light in vacuum. The excess
intensity of light scattered from a dilute polymer solution at an angle 6 is generally given
by the formula [63]
S* = —1 + 2A2cKe MWP(6) (22)
where K, the optical constant for vertically polarized incident light, is provided through
an equation deduced by Debye [64] for a solution containing isotropic scattering centers
of refractive index comparable to the solvent's:
K =
Na4 (2.3)
The parameters c, Re, Mw , A2, no, dn/9c, Na, and P(0) represent respectively the
polymer concentration, the Rayleigh ratio, the weight average molecular weight, the
second virial coefficient, the solvent refractive index, the refractive index increment,
Avogadro's number, and the particle structure factor. At sufficiently small q, the
inverse of the structure factor P_1 (0) attains a universal form:
p-ke) = 1 +
26
1 67i2n0
2(Rg^zsur :T-
3X (2.4)
where <Rg
2>z is the z average of the mean square radius of gyration. Equations (2.2)-
(2.4) are valid when the polymer concentration is sufficiently dilute. Construction of a
Zimm plot [65] from the scattered intensity data for this concentration regime allows
extrapolation to infinite dilution as well as zero angle. The slope of the extrapolated
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concentration curve, effectively at zero concentration provides <Rg
2>z , whereas A2 can
be determined from the slope of the zero angle curve. The intercept of both the zero
concentration and zero angle curves is the reciprocal ofMw .
How-induced rearrangements in the conformation of polymer chains in solution
will directly result in scattered intensity changes. Changes in the polymer chain
dimensions in flow are incorporated in the structure factor P(G), which induces either
an increase or a decrease in the scattered intensity depending on the relative orientation
of the deformed molecules with respect to the scattering vector. Flow-induced changes
in segmental orientation result in an anisotropy of molecular polarizability, which is
manifested in the optical constant K. The conventional assumption, implicit to the best
of our knowledge in all previous light scattering studies, is that the refractive index
increment is a measure of the average excess polarizability of the polymer solution.
With flow, however, the optical constant K of a polymer solution may no longer be a
scalar quantity but becomes a tensor due to the polarizability anisotropy of the polymer
backbone structure. The polarizability effects will also increase or decrease the scattered
intensity, depending on the polarization of the incident beam and the principal
polarizability directions of the deformed polymer chains.
2.1.2 Light Scattering Apparatus
The scattering apparatus, illustrated in figure 2.2, combines features of
conventional static and dynamic light scattering instruments. The optical components
are mounted on a large vibration-free table (New Port), the surface of which defines the
plane of scattering. Collimated light emitted from an intensity-stabilized, vertically
polarized 10 mW HeNe source laser is initially divided by a non-polarizing
beamsplitting cube into a parallel incident beam and a perpendicular alignment beam.
The incident beam passes through a Glan-Thompson prism polarizer (Karl Lambrecht)
and a condenser lens (f=250 mm), which focuses the vertically polarized 632.8 nm light
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to a beam waist of approximately 1 1 5 urn [66] at the center of the scattering vat. The vat
is a polished, 10.16 cm diameter precision glass cylinder (Wilmad Glass) with 0.68 cm
thick walls; it holds up to 500 ml of polymer solution. To block the extraneous light that
emanates from the point of beam impingement on the glass, a 600 u.m pinhole is
positioned inside the vat, directly against its inner wall. This anodized pinhole remains
immersed in the polymer solution during the scattering experiment. A removable light
trap (neutral density filter, D=4.0) is placed against the vat's far side, angled downward
to absorb and reflect the exiting beam out of the scattering plane. The glass vat is
securely sealed inside the rim of a Teflon plate. This plate, in turn, is fitted inside an
anodized aluminum jacket possessing a machined, semicircular strip window at the
appropriate height for the detection optics. Horizontal set screws in the jacket allow the
in-plane location of the vat to be controlled with high precision, while set screws
through the base of the Teflon plate permit accurate vertical alignment and tilt
adjustment.
The aluminum jacket is mounted to the optical table through a 7.5 cm diameter
hole located at the center of a 30.0 cm diameter rotation stage (New England Affiliated
Technologies). Bolted to this stage is a rigid, 66.0 cm aluminum arm supporting an
optical rail (Newport) on which the detection optics, consisting of an objective lense
(f1=89 mm, f2=60 mm), a 150 (im wide vertical slit, and a photomultiplier
(Hamamatsu, model R928) with housing (Products for Research, model PR-1405RF),
are attached. The objective lens collimates the scattered light such that an image,
corresponding to a 50 ^m region in the vicinity of the stagnation point, is formed at the
plane of the slit. A computer-controlled stepper motor regulates the angular position of
the optical rail over the experimentally accessible range of 0° to 120°, with a lead brick
forming a counterweight during the rotation. The angular acceptance of the detection
optics is less than 0.1°, and nominal wobble in the rotation stage is below 20 arcsec.
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The scattered intensity is measured by photon counting (MIT, models F-100E
and PRM-100). In the worst case considered, the averaged dark pulse rate (600
counts/s) accounts for 10% of the solvent scattering (toluene, 90°). The linear
dependence of the count rate on intensity, constrained by the detector's dead time,
allows photon counting at rates up to 1.5 x 106 counts/s. Photon counting is
automatically repeated 100 times for each angle, with the sampling time set to either 0.25
or 0.5 seconds. Anomalous scattering due to dust particles, especially at low angles,
can be diminished by this rapid data sampling method. Intensity data is transferred to an
IBM PC, where it is stored and analyzed according to a discrimination procedure
developed by Haller et al. [67]. The corrected data is then used to construct a Zimm plot
from which the molecular weight, the radius of gyration, and the second virial
coefficient are obtained.
Meticulous adjustments are required to accurately position both the scattering
volume and the flow device's stagnation point at the center of rotation of the detection
optics. The perpendicular alignment beam (produced, as already described, by a
beamsplitting cube) is divided into two additional beams; one is employed to ensure
precise vertical alignment of the scattering vat and the second, which crosses the incident
beam at the center of rotation, is used to ensure correct placement of the flow device. As
an indication for correct alignment of the vat, the angular independence of the Rayleigh
ratio of highly purified toluene is measured before each experiment. The scattered
intensity I(6)sin6, corrected for the angular dependence of the scattering volume,
remains constant (to within 0.5%) down to 17°, where appreciable stray light is first
detected. The lowest angle employed for scattering is therefore 20°. Time-consuming
efforts to further lower the angular range proved fruitless.
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Experimentally, the Rayleigh ratio for a solution can be obtained by
solution r»
9 " (Inn) , ^.tolueneU90noluene
(2 5)
where (Ie)solution represents the solution's scattered intensity (corrected for solvent
scattering by subtraction), and (IpoWuene is the reference scattered intensity from
toluene at 90°. The angle independent value of Re,toluene is 14.1 x 10"6 cm' 1 [67]. For
polystyrene in toluene, dn/dc at X = 632.8 nm is 0.1 1 [68].
Knowledge of the scattering volume size is essential, particularly when the
potential test region is of limited dimensions. Analysis of the optical arrangement shows
that the scattering volume can be approximated as a domain formed by the intersection of
two cylinders, one identified with the incident beam and the other with the detection
optics. As 0 is decreased, the scattering volume is stretched along the incident beam by
a factor l/sin6, and the scattering volume develops a complex shape that is difficult to
quantify. The incident beam intensity profile is also highly nonuniform, further
complicating a direct calculation of the size of the scattering volume. This size,
however, can be determined experimentally using data from the scattered intensity of an
isotropic solvent [69]:
V = Je
(2.6)
where !<, is the intensity per cross-sectional area of the incident beam at the scattering
volume V, and Je is the scattered intensity per solid angle. Applying this method with
toluene, the scattering volume is found to obey V = (50 um)3/sin0. This is compatible
with an approximate theoretical value calculated from the optical arrangement.
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2.2 Birefringence
Birefringence, symbolized An, arises through the directional dependence of the
refractive index and is calculated from the eigenvalues of the real part of the refractive
index tensor [70]. An optically isotropic polymer solution may become anisotropic
when sufficient external forces are applied. In the case of flow-induced birefringence,
hydrodynamic forces tend to orient the local segments and stretch out the polymer
molecules, giving rise to a difference in the refractive indices parallel and perpendicular
to the extension direction of the flow. In this case, An is the difference in the refractive
index between directions parallel and perpendicular to stretching.
2.2.1 Birefringence Theory
The refractive index is related to the molecular polarizability by the Lorentz-
Lorentz equation [58];
n2 - 1 _ 47iP
nz + 2 * (2.7)
where n is the average refractive index of the material and P is the average
polarizability. By forming a differential of the above equation, one obtains a
relationship between birefringence and the change in molecular polarizability;
. 27i(n2 +2)2APAn = —-
—
—~
9n
. (2.8)
How birefringence is related to molecular parameters depends on the molecular model
used to express AP. For a relaxed Gaussian polymer chain, the average anisotropy of
polarizability may be obtained by summing the contributions from its Kuhn segments
resulting in
23
p| _ 3(ai - g2 )
5
(2.9)
where <AP> denotes the conformational^ averaged anisotropy of polarizability of the
polymer and a { and a 2 are the polarizabilities of a uniaxially anisotropic Kuhn
segment.
2.2.2 Experimental Set Up
The experimental arrangement for carrying out visual and photographic
birefringence observations is shown schematically in figure 2.3. White light (fiber
optics illuminator, Dolan-Jennen Industries), polarized by a film polarizer (Melles Griot)
oriented at 45° with respect to the mean flow direction, passes through the flow device,
which is immersed in a rectangular cell (Physitec) filled with polymer solution. The
change in light polarization during passage through the cell is revealed by the
combination of a film analyzer oriented at 90° with respect to the polarizer, and a
microscope tube (Ealing Electro-optics) fitted with the appropriate objective lens. The
main purpose of this set up, assembled independently of the scattering apparatus, is to
assure colinearity and spacing of the jets, as well as to confirm that a stable birefringent
>
line is present as £ increases. The flow device can be transferred to the scattering set up
when these features are confirmed. Following the method of Fredericq and Houssier
[71], the sign of birefringence may also be determined by placing a mica sheet retarder
between the sample cell and the analyzer.
Insertion of crossed polarizers in the incident and detection optics of the light
scattering apparatus together with high density optical filters to reduce incident intensity,
makes possible the measurement of relative flow birefringence (for complete details of
the optical arrangement, see the appendix section). Relative flow birefringence will be
Unpolarized incident beam
Polarizer oriented at 445° with respect to
nozzle orientation
Opposed jets nozzles oriented at 0*
Analyzer oriented at -45° with respect to
nozzle orientation
microscope
Figure 2.3. Schematic of the set up for birefringence observations
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defined as I/Io, the ratio of transmitted to incident intensity. Hie transmitted i
measured by the photomultiplier tube is [8]
ntensity
I = I0sin22esin2(5/2) (2.10)
5 = (27cA)(An)d (2.11)
where X is the wavelength, and d is the pathlength of the birefringent region. In this
experimental set up, 0=45°, therefore
For dilute and semi-dilute polymer solutions, An usually ranges from 10"9 to 10'6 [24],
so to a good approximation,
The absolute birefringence An is not obtained by these procedures because the intensity
signal reflects variations in both d and An when the flow is not two-dimensional.
2.3 The Opposed Jets Flow Device
An opposed jets flow device similar to that pioneered by Keller and co-workers
[7,9,1 1] is used to generate an approximate uniaxial elongational flow. A schematic of
I = I0sin
2(5/2). (2.12)
(I/Io) - 62/4 + 0(54) ~ An2 . (2.13)
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the flow device is shown in figure 2.4. The inner diameter of the glass capillaries
forming the jets can range from 0.3 (Supelco fused silica tubing) to 0.7 mm (Ace glass
capillaries). When using the fused silica tubing as jets, part of the polyimide coating
from the tubing is first removed by dipping part of the tubing into sulfuric acid. The
exposed end of the tubing is then polished with a 600 grid emory paper. The coated part
is affixed inside a post column fitting (Valco) through a graphite sleeve (Valco) inserted
within a fused silica adapter (Valco) and a ferrule (Valco). The Ace glass capillaries are
uncoated and may be connected directly to the post column fitting through the same
fused silica adapter and an enlarged ferrule. Each of the post column fittings are
connected to a 0.25 in. stainless steel tubing with one held fixed to the aluminum
support base and the other to a sliding base plate attached to the top of the aluminum
support base. The sliding base plate allows translation of one of the jets in order to vary
the gap width between the jets. On top of the sliding base plate is a smaller aluminum
plate which allows limited rotation and height adjustments to one of the jets via set
screws.
The polymer solution is withdrawn through the opposed jets into a filter flask by
a vacuum pump. The vacuum gauge is set at 300 mm Hg since above this setting,
cavitation becomes a problem (for toluene). A valve, placed in the tubing connecting the
opposed jets and the filter flask, allows the flow rate to be controlled. One may obtain
elongation rates ranging from 100 to - 20,000 s' 1 by varying the flow rate and the gap
width between the jets. The elongation rate £ is obtained by applying an approximate
macroscopic average across the gap, [6],
e = Q/rcr2d (2.14)
where Q is the total flow rate through the two jets, r is the radius of the jets, and d is the
gap width.
Stainless steel
tubing
To Vacuum Pump
Sliding base plate
Aluminum support base
Post column fitting
glass capillaries
Figure 2.4. Schematic of the opposed jets flow device
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Alignment of the jets within the light scattering apparatus is described in the
appendix section. When the flow device is in place, scattering measurements are only
possible to 6 = 60°; larger scattering angles are occluded by the jets. The usable q range
is therefore 0.005 nm" 1 < q < 0.015 nnr 1 . The presence of the glass capillaries near the
scattering volume contributes some extraneous scattering, although glass was purposely
chosen to reduce this contribution by minimizing refractive index mismatches (nto iUene =
1.4961; ngiass = 1.486). Unwanted scattering is further reduced by polishing the
capillary openings and performing background corrections with the jets in place.
CHAPTER 3
MEASUREMENTS FROM DILUTE POLYSTYRENE SOLUTIONS
IN ELONGATIONAL FLOW
Flexible polymer chains in dilute solution adopt an equilibrium, randomly-coiled
conformation which may be more or less swollen depending on solvent quality. The
complimentary optical techniques employed in this study, light scattering and
birefringence, directly probe the conformational rearrangements resulting from flow-
induced deformation and orientation of polymer chains. The angular dependence of
scattered intensity at low angle allows a direct determination of overall polymer size,
while polarization changes, arising from reorientation of the local polymer segments,
result in birefringence. Thus, complimentary information regarding the conformation
and the response of a flexible chain in an elongational flow environment may be
provided by using both techniques together.
In this study we are interested in the conformational changes of a dilute, flexible
polymer solution undergoing uniaxial elongational flow; this flow is created by
simultaneous suction within the opposed jets flow device. Figure 3.1 displays a typical
birefringence pattern in the vicinity of the stagnation point of a dilute, flexible polymer
solution in uniaxial elongational flow. This pattern was first observed by Keller and
coworkers at Bristol [7,9,11] employing essentially the same flow device. The
birefringence pattern, spanning the region between the two jets, appears as a thin,
localized, and highly stable line. Such a pattern suggests a high degree of polymer
segmental orientation along the extension axis of the flow. The width of the line is
invariant to concentration until one reaches c* [17]. Weak or no birefringence intensity
at low concentrations is due to the intensity limit of the experiment [7]. Experiments by
30
Figure 3.1. Birefringence pattern of a 9.4 x 106 Mw polystyrene in toluene in uniaxial
elongational flow. The concentration of the polymer solution is 100 ppm and the strain
rate applied is 11,250 s"1 .
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Keller and coworkers [7,9,11] have shown that for dilute solutions, the birefringence
intensity increases linearly with concentration, indicating that it is the segmental
orientation of individual chains contributing to the measured intensity.
A vertical scan through a plane perpendicular to the axis of extension reveals a
bell-shaped intensity profile for all solutions, as shown in figures 3.2 -3.4. These
experiments are conducted by setting the light scattering apparatus for birefringence
measurement and then moving the flow assembly vertically in small increments while
holding the optics and the applied strain rate fixed. The figures indicate that the half
width of the intensity profile is approximately 75 urn for this flow geometry. In much
the same manner, Cathey and Fuller [6] measured the width of the birefringence profile
of polystyrene in tricresyl phosphate and in dioctyl phthalate, good and poor solvents,
respectively, for polystyrene. Their results showed that the half width quickly attains a
plateau at very low strain rates, well below the strain rate required for saturation of
birefringence. Thus, variation of the birefringent width with strain rate may be
considered insignificant. In addition to scanning the width of the birefringent region,
the vertical scanning experiment allows correct vertical positioning of the jets within the
scattering vat. Accurate placement of the jets such that the scattering volume is at the
stagnation point and within the width of the birefringent region allows the light
scattering measurement to probe directly the flow-induced conformational changes of the
same polymer molecules exhibiting birefringence. A direct measurement of the size of
the scattering volume, 50 (|im)3 at scattering angle 6 = 90°, confirms that the scattering
measurements at all angles correspond closely to the region inside the birefringent line.
3.1 Measurements from Dilute Polystyrene in Toluene Solutions
3.1.1 Materials
Polystyrene was chosen as the polymer of interest for several reasons. First, it
is commercially available in monodisperse form, a feature required to avoid
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Figure 3.2. Scan of the width of the birefringence pattern of a 400 ppm, 5.4 x 106 M
polystyrene in toluene. The strain rate applied is 9,500 S"1 .
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Figure 3.3. Scan of the width of the birefringence pattern of a 230 ppm, 9.4 x 106 Mw
polystyrene in toluene. The strain rate applied is 11,250 S"1 .
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Figure 3.4. Scan of the width of the birefringence pattern of a 100 ppm, 24 x 106 Mw
polystyrene in toluene. The strain rate applied is 7,000 s" 1 .
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polydispersity effects in the interpretation of light scattering measurements and in the
determination of the critical strain rate in elongational flow. Secondly, good solvents for
polystyrene at room temperature, such as toluene and CCI4, have refractive indexes
close to that of the opposed jets capillaries, thus avoiding extraneous scattering from
refractive index mismatch. Polystyrene also possesses polarizability lowest in the
direction of the chain's backbone. Consequently, changes in the orientation of the
polymer segments upon application of flow are evident in both light scattering and
birefringence measurements.
The polystyrene standards used in this study are commercial, anionically
polymerized samples with molecular weights ranging from 3.0 x 106 to 30 x 106 . Table
3.1 lists the source and description of each sample used. Solutions are made by
dissolving a known amount of polymer in spectroscopic grade toluene previously
dedusted with 0.2 |im filters (Millipore). For measurements with flow imposed, 1,000
ml of each concentration is prepared; otherwise, 300 ml is sufficient for the light
scattering measurements. Solutions are allowed to equilibrate with gentle stirring at
room temperature for 2-3 days and then filtered through 0.5 Jim filters (Millipore)
directly into the scattering vat.
All polymer concentrations are well below the overlap concentration c* to avoid
the complicated entanglement effects of the type reported by Chow et al. [17] for a
similar flow environment. The c* values, estimated from the reciprocal of the intrinsic
viscosity, are also tabulated in table 3.1. Polymer chains at low concentrations may
interact more strongly in flow than in quiescent solution so c*, defined in the normal
way, is a poor indicator of the upper boundary of dilute behavior. Chow et al.
demonstrated that the onset of entanglements in flow correlates with the onset of
unsteadiness in flow birefringence. Absence of intermolecular entanglements in the
36
Table 3.1. Description of Polymer Samples.
(a): Calculated from c* = where [r|] = 10.69 x 10-3 Mw0-72 ^/g for polystyr
in toluene at 20° C (64).
ene
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present experiments has been verified by birefringence observations, in which a steady,
localized birefringent line is seen between the opposed nozzles under all flow conditions
examined.
The scattered intensity from elongational flow-imposed polystyrene solutions are
measured as described in the appendix. The opposed jets device is immersed and
aligned within the scattering vat filled with sufficient polymer solution for the flow
experiment. The nominal strain rate, determined by eq. 2.14, is varied by changing the
flow rate and/or the distance between the capillary jets. The flow rate is determined by
measuring the volume of fluid flowing into the filter flask, which connects the opposed
jets and the vacuum pump.
A single intensity measurement under flow requires about 30 s, with a
corresponding fluid loss from the vat of the order of 50 to 100 ml, depending on the
flow rate Q. Large volumes of solution must be available to keep the fluid level in the
vat well above the scattering plane. All solutions are discarded after being recycled 8
times, a cycle consisting of filtering and elongational flow steps. With at least 16
intensity measurements required to extract the polymer size at a single flow rate, several
liters of solution must be prepared for each molecular weight under study.
3.1.2 Light Scattering Results
Figures 3.5-3.10 display Zimm plots for the samples listed in table 3.1 while
solutions are in the quiescent state. Shown in each Zimm plot are the linear portions of
the constant concentration curves. These curves show a slight downward curvature at
higher angles (not shown on the plots), with the higher molecular weights exhibiting a
more prominent curvature. Since scattering at the larger angles is due more to the
smaller molecules, such curvature reflects small contributions from molecular weight
polydispersity. The measured Mw , <Rg2>z1/2 , and A2 obtained via regression over the
linear portions of the constant concentration curves and constant angle curves for each
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7.0-1
(sin 6/2) + 5000c
Figure 3.5. Zimm plot of PS 3 in toluene from 6 = 0 to 60° where cl = 7.81 x 10"5 , c2
= 1.585 x 10-4
,
and c3 = 2.986 x KH g/ml.
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Figure 3.6. Zimm plot of PS4.4 in toluene from 0 = 0 to 50° where cl = 7.63 x 10"5
,
c2 = 1.474 x 1(H, and c3 = 2.872 x 1(H g/ml.
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Figure 3.7. Zimm plot of PS6.7 in toluene from 9 = 0 to 50° where cl = 8.0 x 10"5
, c2
= 1.59 x 10-4
,
and c3 = 2.532 x l(Hg/ml.
Figure 3.8. Zimm plot of PS8.5 in toluene from 9 = 0 to 50° where cl = 7.99 x 10" 5
,
c2 = 1.596 x 10-4
,
and c3 = 2.297 x 1(H g/ml.
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Figure 3.9. Zimm plot of PS20 in toluene from 6 = 0 to 60° where cl = 3.74 x lO'5
, c2
= 7.8 x 10-5
,
and c3 = 1.142 x lCHg/ml.
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Figure 3.10. Zimm plot of PS30 in toluene from 0 = 0 to 40° where cl = 2.5 x lO5
,
c2
= 5.7 x 10-5
,
and c3 = 8.12 x 10-5 g/ml.
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sample are summarized in table 3.2. Both the absolute precision and the reproducibility
in the <Rg2>z
l/2 measurement are estimated to be ±5%. Due to the necessary dual
extrapolation of 8 and c to zero, the experimental error inMw is slightly larger (±10%).
The polystyrene samples used in the light scattering-flow experiments are PS20,
PS8.5, and PS4.4. Solvent scattering has been verified to be independent of the flow
rate through the jets; such independence is expected for laminar flow of an
incompressible solvent because the local density fluctuations that give rise to solvent
scattering remain uncoupled from flow fields at realizable strain rates. The polystyrene
in toluene solutions, however, all exhibit diminution in the scattered intensity at the
higher angles (-30° to 60°) and an increase in the scattered intensity at the lower angles
(-20° to 30°), when flow with sufficient strain rate is applied. Consequently, there is a
shift in the Zimm plot y-intercept. Figures 3.11-3.13 exhibit the extrapolated lines
extracted from the Zimm plots of PS20, PS8.5, and PS4.4 in toluene in the absence and
presence of flow at a particular strain rate. In each of the plots, the extrapolated
concentration line of the flow curves remains linear, with an apparent increase in slope
accompanied by a downward shift in the intercept. The slope of the extrapolated angle
line, however, remains unchanged.
The diminution of the scattered intensity at higher angles is due to the increase in
destructive interference resulting from the expansion of the polymer coil along the
direction of the scattering vector. This effect is offset at lower angles by a rise in vertical
polarizability, a phenomenon governed by the increase in the number of polystyrene
segments oriented in the extension direction. The birefringence of a flowing polystyrene
solution is negative with respect to the flow direction; in other words, the pendent
phenyl groups of polystyrene segments oriented in the flow produce excess
polarizability in the direction perpendicular to the chain backbone. Therefore, as a
polystyrene chain becomes stretched between the opposed jets, an increasing fraction of
its segments are oriented, from a statistical standpoint, in the flow direction and this
4 5
I^ple
'2
' ^ meaSUred Mw
'
<*«2>
*
md A2 determined from the Zimm plot of each
Sample Mw x 10"6
(g/mol)
<R
g
2>
z
l/2
(nm)
A2 x 104
(mol-cm )/gz
PS3 9 QQ AO -4- O93 £ 3 1.409 + 0.7
PS4.4 5.36 122 ±4 1.23 + 0.98
PS6.7 7.4 166 ±5 1.41 + 0.77
PS8.5 9.4 192 ±3 1.3 ± 0.88
PS20 24 345 ±5 0.45 ± 0.23
PS30 30.9 460 ± 14 1.33± 0.9
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Figure 3.1 1. Lines extrapolated to zero concentration and zero angle extracted from
Zimm plots of PS20 in toluene with flow ( e = 6,500 s* 1 ) and without flow.
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Figure 3.12. Lines extrapolated to zero concentration and zero angle extracted from
Zimm plots of PS8.5 in toluene with flow ( £ = 11,250 s' 1 ) and without flow.
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Figure 3.13. Lines extrapolated to zero concentration and zero angle extracted from
Zimm plots of PS4.4 in toluene with flow ( £ = 9,500 S" 1 ) and without flow.
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orientation is associated with the perpendicular alignment of phenyl groups. Since the
incident beam is vertically polarized, such orientation would give rise to an increase in
the scattered intensity and lead to the observed downward shift in the Zimm plot
intercept. This shift in the intercept with flow is well outside the range of experimental
error.
The contribution of polymer degradation to the changes in scattered intensity,
including the shift in the Zimm plot intercept, is assessed from light scattering
measurements on solutions of PS20. After 8 cycles, a cycle consisting of filtering and
elongational flow steps, the data indicate at most a 5% decrease in the weight average
molecular weight. Thus, all solutions are discarded after being recycled 8 times.
The ratio of the y-intercept of the Zimm plot in the absence of flow to its value in
the presence of flow characterizes the change in vertical polarizability of the anisotropic
solution. The conventional assumption for light scattering studies is that the refractive
index increment is a measure of the excess polarizability of a polymer solution. The
optical constant K of eq. 2.3 becomes a tensorial quantity in a flow deformed solution,
and additional information is needed to isolate the perpendicular component. An
empirical fix is simple: knowing that chain scission has been carefully avoided, the y-
intercept of the Zimm plot is adjusted to its appropriate no flow value through a
multiplicative correction to the optical constant K. The ratio of the intercept in the case
of no flow to that in the presence of flow (the correction ratio) for each sample at various
strain rates are tabulated in tables 3.3 - 3.5. Plotted in figures 3.14 - 3.16 are the
correction ratios as a function of strain rate for each sample.
Figures 3. 17-3. 19 are Zimm plots with the empirical correction applied to the
optical constant K in the presence of flow. Superimposed is the scattering data for the
same solution in the absence of flow. An increase in the radius of gyration in the
stretching direction is clear. The low angle scattering approximation required in
analyzing these types of data will eventually become inapplicable as the chain undergoes
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JS 33; faction ratios determined from the shift of the Zimm plot y-intercept ofin toluene at various strain rates
Strain Rate <Ke->z (nm)
0 11 122
3 son 1 A 1 124
5,000 1 032
6,400 1.033 135
7,600 1.098 141
9,500 1.129 153
11,600 1.116 148
16,400 1.110 151
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^
ontcdon ratios determined from the shift of the Zimm plot y-intercept ofPS8.5 in toluene at various strain rates
Strain I? (
correction ratio <R 22>7
u 1 192
600 ii 192
4,000 1.043 208
6,500 1.145 226
8,300 1.223 228
11,250 1.407 255
13,000 1.289 242
5 2
pSo i«t " i
Coirec
;
tion ratios determined from the shift of the Zimm plot y-intercept ofP£>20 in toluene at various strain rates
Strain R c*tv» fc-l"\
correction ratio <Re2>z (nm)
u 1 345
700 ii 345
1,700 1.535 455
4,100 1.654 506
6,500 2.113 563
13,000 2.254 603
20,000 2.749 603
5 3
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Figure 3.14. Plot of the correction ratios as a function of strain rate of PS4.4 in toluene.
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Figure 3.15. Plot of the correction ratios as a function of strain rate of PS8.5 in toluene.
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Figure 3.16. Plot of the correction ratios as a function of strain rate of PS20 in toluene
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Figure 3.17. Zimm plot of PS20 in toluene with flow ( e = 6,500 s* 1 ) after corrections
have been made superimposed on the Zimm plot without flow.
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Figure 3.18. Zimm plot of PS8.5 in toluene with flow ( e= 11,250 s* 1 ) after
corrections have been made superimposed on the Zimm plot without flow.
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Figure 3.19. Zimm plot of PS4.4 in toluene with flow ( e = 9,500 s' 1 ) after corrections
have been made superimposed on the Zimm plot without flow.
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more substantial stretching, i.e., when qR
g)// , where Rg>// represents the measured
radius of gyration parallel to the extension direction, is too large. Higher order terms of
P- 1^) will then create curvature of the extrapolated c=0 line in the Zimm plot. No
substantial curvature, however, has been observed in Zimm plots under flow, at least
for G less than 60°. In the flow under discussion, the dimensionless scattering range
qR g,// for me highest molecular weight sample PS20, varies from 2.5 to 6.
The range over which low angle scattering theory can be employed to interpret
intensity information is strongly dependent on molecular structure. Unfortunately, in
absence of any confirmed theory for the structure factor in flow, the linear
proportionality of the PA {9) with the square of qR
g;//
is the only test for the low angle
analysis. Although the cited qR
g>// range for PS20 seems rather large, it is significant to
note that the Debye function for monodisperse Gaussian chains remains closely linear to
ranges well beyond those studied here; for example, arbitrarily assuming that the Debye
function is correct for the scattering data of the sample PS20, in toluene at 6,500 s* 1 , the
error in Rg>// from linearization is about 10%. Uncertainty at such levels is not
important to the conclusions of this study. It is also noted that the reported equilibrium
(i.e., no flow) radius of gyration of PS20 in toluene, calculated here over the range 1.7
< qRg <4.5, nearly matches the accepted literature value; Appelt and Meyerhoff [72]
measured Rg of a 23.4 x 106 Mw polystyrene in toluene to be 349 nm. In this case, as
with flow, the c=0 extrapolation is linear, indicating that structure-dependent corrections
are only important at larger angles than employed here. A significant effort was made to
conduct scattering at still lower angles (9 < 15-20°) but the experimental obstacles in the
present apparatus appear overwhelming; the overriding problem appears to be stray light
emanating from the point of beam impingement on the vat.
The extrapolation of q to the direction of molecular stretching P (see figure 2.1)
as the scattering angle 0 is rotated to 0° produces an additional error that is sensitive to
details of the structure factor. In rotating the scattering angle from 60° to 20°, the angle
60
an
was
between q and P changes from 30° to 10° Thus, for a molecule strongly deformed in
the flow direction, the apparent molecular dimension will increase as q is reduced. The
result is a c=0 extrapolation on the Zimm plot that is concave downward; such data has
not been observed. To further ensure that such complications are unimportant,
experiment was conducted so that q always pointed along P. This superposition
accomplished by manually rotating the flow device as 6 was varied. Careful alignment
to ensure that the jets do not interfere with the incident beam path at higher scattering
angles is necessary. The sample used in this experiment was PS8.5 and the strain rate
applied was 6,000 r1
.
The Zimm plot generated gave similar results to the case where
the jets were not rotated; the correction ratio for the no rotation case is 1.145 whereas the
rotation case is 1.15. The <Rg
2>z1/2 for the no rotation case is 226 nm and that for the
rotation case is 220 nm. The extrapolated concentration curve also remained linear with
no apparent curvature.
In a separate experiment, the size of the scattering volume was reduced in order
to verify the homogeneity of the region being probed. A beam expander (Oriel) was
placed in the incident beam between the polarizer and the condenser lens, reducing the
focussed incident beam to a waist 3X smaller than its usual size. Results were then
compared for PS20 solutions subjected to a strain rate of 6,500 s_1 . The extension ratio,
i.e. the ratio of the radius of gyration measured in flow compared to that in the quiescent
state, determined from the normal scattering volume is 1.63 compared to 1.7 for the
small size scattering volume. The insignificant difference in the extension ratio in both
cases indicate that the most deformed molecules are sampled in both scattering
experiments.
Plots of the radius of gyration parallel to the extension direction as a function of
the nominal strain rate for the three samples are shown in figures 3.20-3.22. The error
bars for the data points in each plot reflect a 95% confidence interval, determined by a
statistical analysis of the scattering data. In each plot, deformation of the polymer coil
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Figure 3.20. Plot of Rgt// determined from Zimm plot of 5.36 x 106 molecular weight
polystyrene in toluene as a function of strain rate.
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Figure 3.21. Plot of Rgf// determined from Zimm plot of 9.4 x 106 molecular weight
polystyrene in toluene as a function of strain rate.
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Figure 3.22. Plot of Rgy/ determined from Zimm plot of 24 x 106 molecular weight
polystyrene in toluene as a function of strain rate.
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begins after a certain strain rate is surpassed and continues rapidly within a narrow range
of strain rates. At higher strain rates, deformation appears to saturate. Table 3.6
summarizes the maximal stretched radius of gyration measured by light scattering
compared with the fully extended radius of gyration for each sample. The fully
extended radius of gyration is calculated by assuming a rod-like conformation for the
fully stretched state, from which the contour length L is related to the radius of gyration
by R
g
2
= L2/12. For each sample, the maximal stretched radius of gyration measured is
only approximately 4% of the fully extended conformation. Thus, the polymer chains
are only partially stretched and the data do not support a picture of total chain unravelling
in the opposed jets flow device at high e.
3.1.3 Birefringence Results
Rearrangements in the local, segmental orientation of individual polymer chains
subjected to uniaxial elongational flow are evident in the birefringence pattern shown in
figure 3.1. The spatial localization of this pattern reveals the region where the polymer
chains can remain in the flow field long enough for the hydrodynamic forces to orient
polymer segments. Any increase in the intensity of this pattern represents an increase in
the number of polymer chain segments oriented in the extension direction. Plots of the
relative flow birefringence as a function of strain rate for each molecular weight of
polystyrene are displayed in figures 3.23 - 3.27. Each experiment was repeated three
times with the error bars representing the actual scatter in data. For all solutions
examined, the birefringence intensity rises rapidly after the elongation rate exceeds a
critical onset value, finally saturating at higher strain rates. The critical strain rate £c,
determined from the strain rate at which the slope in the birefringence intensity curve is a
maximum, are tabulated in table 3.7. The experimentally determined critical strain rate
for each molecular weight correspond well to the reciprocal of the Zimm relaxation time
calculated from the formula [45]
6 5
Rgmax (nm) Rgfully extended (nm)
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X 100
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Figure 3.23. Normalized birefringence intensity of 5.36 x 106 polystyrene in toluene as
a function of strain rate.
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Figure 3.25. Normalized birefringence intensity of 9.4 x 106 polystyrene in toluene as a
function of strain rate.
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Figure 3.26. Normalized birefringence intensity of 24 x 106 polystyrene in toluene as a
function of strain rate.
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Figure 3.27. Normalized birefringence intensity of 30.9 x 106 polystyrene in toluene as
a function of strain rate.
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Table 3.7. The experimentally determined critical strain rate compared with the
calculated strain rate.
X-7 * (s) (S L )
5.36 x 106 0.00014 7.116 7.500
7.4 x 106 0.000228 4,370 4,480
9.4 x 106 0.000327 3,056 3,333
24 x 106 0.0013 748 833
30.9 x 106 0.00192 519 531
*: Zimm relaxation time calculated according to eq. 3.1.
**: The critical strain rate determined from the reciprocal of the calculated xz .
***: The critical strain rate determined experimentally.
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6.22(|)0Rg0^ g
KI
(3.1)
where
<t>0 is the Fox-Flory parameter (= 2.84 x K)23), Rg0 is the unperturbed radius of
gyration of polystyrene at room temperature [68], ti s is the viscosity of toluene (=0.58
cp), R is the gas constant, and T is the temperature. Figure 3.28 displays ec determined
experimentally as a function of molecular weight of polystyrene in toluene. The best fit
line drawn through the data points exhibits a slope of -1.49 ± 0.087 which is in accord
with the Zimm dynamics. This close correspondence between the birefringence -
determined characteristic time and the Zimm relaxation time is surprising since toluene is
a good solvent for polystyrene. Similar agreements have been noted during earlier
experimental studies with good solvent systems [6,7-9,11,73]. It should be noted that
the molecular weights were not measured in the earlier studies so that this is the first
direct experimental examination of the ZjM. relationship.
3.1.4 Discussion
3.1.4.1 In the Quiescent State
Figure 3.29 displays the relationship between the <R
g
2>z
1 /2 and Mw determined
from the Zimm plots in the quiescent state. The best fit line drawn through the data
points corresponds to the relationship Rg ~ Mw0 -68 * 0 031 Literature values of the
molecular weight exponent for polystyrene in toluene range from 0.60 to 0.62
[72,74,75]. The rather high molecular weight exponent determined in our experiments
suggest that polydispersity effects, particularly of the higher molecular weight samples
for which we assumed negligible, may contribute to the particle scattering factor.
Following Appelt and Meyerhoff [72] and using the manufacturer's polydispersity
values, a polydispersity correction reduces the exponent to 0.63. However, since the
7 3
6.6 6.8 7.0 7.2 7.4 7.6
Log Mw
Figure 3.28. The experimentally determined critical strain rate as a function ofM
7 4
Figure 3.29. The equilibrium <R
g
2>z
1 /2 determined from Zimm plots as a function of
molecular weight.
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manufacturer's values are questionable, we are unable to correct the polydispersity
effects accurately enough to discern the precise relationship between Rg and Mw .
3.1.4.2 In Elongational Flow
3.1.4.2.1 Effect of Strain Rate
Light scattering and birefringence of polystyrene in toluene undergoing uniaxial
elongational flow follow similar behaviors as a function of strain rate. Figure 3.30-
3.32 illustrate plots of the radius of gyration parallel to the extension direction Rgt//
alongside plots of relative flow birefringence, using the nominal strain rate as abscissa.
For all of the solutions examined, the birefringence intensity rises after the elongation
rate exceeds a critical onset value, finally saturating at the higher strain rates. Similar
trends are observed in the measured Rg as a function of strain rate. Deformation of the
polymer coil begins after a certain strain rate is surpassed and continues rapidly within a
narrow range of strain rates. At higher strain rates, deformation, like birefringence,
appears to saturate.
The light scattering results clearly indicate that the majority of polymer chains
passing through the stagnation point region are only partially extended, even at high
strain rates. A maximum 90%, 34%, and 24% increase in the radii of gyration for
PS20, PS8.5, and PS4 respectively, were determined in flow, compared to the
respective radius of gyration at equilibrium. However, the saturated radius of gyration
measured for each sample in flow is only approximately 4% compared to the fully
unraveled case. Since it is only possible to generate an elongational flow of finite
extent, the rather low extension of the polymer coils experimentally observed must, in
some way, be ascribed to the limited residence times of polymer chains in the vicinity of
a stagnation point. A flexible polymer subject to transient elongational flow has only a
7 6
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Figure 3.30. A plot of the radius of gyration parallel to the extension direction along
with the relative flow birefringence as a function of strain rate of the 5.36 x 106 Mw
polystyrene in toluene.
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Figure 3.31. A plot of the radius of gyration parallel to the extension direction along
with the relative flow birefringence as a function of strain rate of the 9.4 x 106 Mw
polystyrene in toluene.
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Figure 3.32. A plot of the radius of gyration parallel to the extension direction
with the relative flow birefringence as a function of strain rate of the 24 x 10* M
polystyrene in toluene. w
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finite time to unravel and extend before leaving the region of highest elongation rate. If
the chain could remain forever, the stretched conformation would be overwhelmingly
preferred at high De.
In principle, the opposed jets creates a stagnation type flow, where the residence
time at the stagnation point is infinite and the flow near this point is homogeneous
elongation. Even assuming an ideal uniaxial elongational flow everywhere in the gap
between jets, a distribution of residence times exists within this gap. Since the residence
time depends on the streamline a molecule travels, the closer the streamline is to the
stagnation point, the longer the residence time.
The strain e experienced by a fluid element remaining in a flow field for a time t
is given by
e = £t (3.2)
where £ is the strain rate evaluated along the appropriate streamline as a function of
residence time t. For an ideal, homogeneous uniaxial elongational flow, the strain rate
along a particular streamline is constant and independent of the position. Therefore, in
the opposed jets the maximum strain takes place along the streamlines passing close to
the stagnation point region, where the residence times are longest. As a consequence,
the birefringent pattern is localized and one expects greatest molecular extension within
this region. With increasing strain rates, the residence time along a particular streamline
will be reduced, therefore decreasing the time a polymer chain remains in the flow field.
The diminishing residence times at higher strain rates may prohibit the polymer from
fully unravelling and the polymer chains may only be partially stretched. Cathey and
Fuller [6] have attributed the drop in extensional viscosity at high strain rates, measured
in a similar flow device, to such residence time effects.
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Assuming homogeneous flow for the opposed jets device, the strain may be
written in terms of the dimensions of the jets;
£(r) = -21n(r/r0 ) (3 3)
where r0 is the inner radius of the jets (the position where the strain is assumed to first
accumulate). The average total strain experienced by fluid elements traversing the region
between the two jets is of the order 1. We are more interested, however, in the average
strain a fluid element experiences within the width of the birefringent region, which is
given by
e(r)27trdr
(e(D) = ^
p 27trdr
*° (3.4)
= 21n(r0/rs ) + 1 (3.5)
where rs is the radius of this region. The inner radius of the jets is 350 um and from the
birefringent width scan, rs is approximately 75 |im. Therefore, the average strain a fluid
element experiences within the birefringent region is of the order 4.1.
Thus, the partial extension of the polymer chains observed in the light scattering
experiments is not inconsistent with the calculated strain experienced by a fluid element
within the birefringent region. Since a polymer molecule can not be deformed beyond
the affine limits consistent with the flow field, the light scattering results suggest that the
polymer chains do not stretch affinely with the fluid. Thus, the saturation of
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birefringence, coupled with the limited stretching at high strain rates, suggests that the
local segmental orientation of the polymer chain takes place faster than the unravelling
process. These results agree qualitatively with theoretical studies of polymer solutions
in transient elongational flow [43,52] which predict the inability of a polymer chain to
fully extend due to the presence of kinks or bends.
The chain-halving result for flow-induced degradation of flexible polymers in the
opposed jets device has often been cited as convincing evidence for complete chain
unravelling [16,76,77]. It remains unclear how to reconcile degradation results in
transient flow, also displaying chain-halving [73,78] with a picture of complete
uncoiling. In some of the transient flows reported in the literature, even an affme
deformation of the coil with the surrounding fluid would leave the polymer chain far
from their extended conformation; yet, breaking is reported to occur at the midpoint.
Thus, polymer chain conformation prior to degradation remains unresolved. The
scattering results can also be placed in accord with the degradation work by considering
the chain population that each technique probes. It is not certain that chains break at
spatial locations throughout the birefringent line. The chain size reported here is an
average across a region of approximately the diameter of this line and centered at the
stagnation point; chains may degrade in a much more restricted volume centered very
close to the stagnation point or at some other position outside the scattering volume
selected here.
3.1.4.2.2 Effect of Molecular Weight
The maximal deformed radius of gyration in elongational flow measured by light
scattering, as a function of molecular weight, is displayed alongside the radius of
gyration in the quiescent state in figure 3.33. In the absence of flow, Rg ~
Mw°-68±0 031 . In the presence of flow, the Mw exponent increases to approximately
1
.0; Rg ~ Mw°" ± ° 033 . Table 3.6 shows the ratio of the maximal deformed Rg to the
Figure 3.33. The measured radius of gyration as a function of molecular weight in the
presence and absence of flow.
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fully unravelled Rg to be approximately 4% for each of the samples studied. The shift in
molecular weight exponent to 1.0 is the consequence of the similar expansion of the
radius of gyration with respect to the fully unravelled state for each sample in flow.
The critical strain rate dependence on molecular weight as illustrated in figure
3.25 implies a scaling relationship where % ~ Mw - 1-5. This scaling relationship,
obtained regardless of solvent quality, has also been noted by earlier experimental
studies employing stagnation flow devices. Systems exhibiting such behavior, as
determined from birefringence studies, include polystyrene in good solvents xylene and
toluene and in a poor solvent decalin [9,11]. Polyethylene oxide in a good solvent
water, also exhibited a similar relationship [11]. Investigations by Cathey and Fuller [6]
and Fuller and Leal [8] of polystyrene in good and poor solvent systems also showed
similar behavior. A recent study by Hunkeler et al. [73] of polyethylene oxide in a good
solvent water, under transient flows exhibited analogous critical strain rate dependence
on molecular weight as well. Only in two other flow birefringence studies, one by
Brestkin et al. [27] of polystyrene in a good solvent bromoform and another by Atkins
et al. [29] of a narrow molecular weight distribution of a polysaccharide, pullulan, in a
glycerin/water solvent mixture, did a different scaling relationship emerge. Both studies
found £c ~ Mw " 18 . Although one expects that the longest relaxation time of an
unperturbed polymer chain in a good solvent to scale as Mw 18 , no theoretical
explanation exists which describes the origin of the experimentally observed dependence
of the critical strain rate on the -1.5 molecular weight exponent. An attempt to explain
this relationship is offered by Rabin et al. [39], adopting a mean field approach, from
which this molecular weight exponent is found to vary between -1.5 to -1.6, as the
solvent quality varies from a theta to a good solvent respectively. To obtain this result,
Rabin assumed that the polymer chain is in its coiled conformation prior to the coil-
stretching process, and that the relaxation time incorporated in the De may not be the
polymer chain's longest relaxation time.
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3.2 Polystyrene Polarizability Calculations: Effect on Light Scattering
The increase in intensity with flow at low angles, resulting in the shift of the y-
intercept of the Zimm plot, has been attributed to anisotropy in the polarizability
contributions of oriented polystyrene. The birefringence of polystyrene is negative,
indicating that the pronounced polarizability contribution is in the direction perpendicular
to the extension axis. This contribution is due to the preferential alignment of the phenyl
groups in a direction perpendicular to the oriented backbone. With the incident beam
vertically polarized, an increase in the scattered intensity will be observed in the
horizontal plane, resulting in the downward shift of the Zimm plot y-intercept (the
intercept is proportional to the reciprocal of the scattered intensity). The correction ratio,
defined as the ratio of the intercept in the case of no flow to that in the presence of flow,
are tabulated in tables 3.3-3.5 for each sample at various strain rates.
To substantiate the polarizability correction, a theoretical analysis is developed
here to ascertain the effects of polarizability anisotropy on the scattered intensity. For a
dilute, isotropic polymer solution, the refractive index increment dn/dc, is a measure of
the excess polarizability of polymer in solution. This relationship is obtained from the
expansion of the Lorentz - Lorentz formula (eq. 2.7) at low concentrations [79];
nsM(|)
a = ——
—
2tiNa (3.6)
where M is the repeat unit molecular weight, ns is the refractive index of the solvent, and
Na is Avogadro's number.
In a flow deformed solution, the optical constant K of eq. 2.3, becomes a
tensorial quantity as a result of the polarizability anisotropy of oriented polystyrene
segments. The scattered intensity I at 0° is related to the polarizability tensor a by
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I - <(o • E)2
>
(3.7)
where E is the electnc field vector of the incident beam, winch in this case is vertically
polarized along the y - axis. For randomly oriented polymer chains in the crescent
state,
inf - e2!
2a
yy
2 + a™
(3.8)
where 1^ represents the scattered intensity from the quiescent solution, and are
the uniaxially anisotropic components of the molecular polarizability tensor a with
respect to fixed molecular Cartesian axes XYZ. In the case where the chain backbone is
aligned by flow along the extension or x axis, the scattered intensity IF from the flow
deformed polymer solution is given by
If ~ E2otw2^ * (3.9)
The molecular polarizability component Oyy mainly corresponds to the polarizability of
the phenyl groups oriented perpendicular to the chain backbone.
Components of the polarizability tensor and Oyy can be determined from the
bond polarizabilities of the polymer chain's repeat unit [80]. The calculated value of the
ratio Inf/If ranges from 1.1 to 1.3, depending on the assumptions about tacticity and
the local conformational states of the stretched chain. This ratio suggests that if all of the
polystyrene segments are aligned in the extension direction of flow, the scattered
intensity at 0° would be at most 30% greater in the presence of flow than in the absence
of flow. As seen in section 3.1.2, the empirically-derived correction ratios are
substantially larger, exceeding any uncertainty in the theoretical analysis. One possible
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explanation for the discrepancy may be the influence of solvent anisotropy on the
solution optical anisotropy. Manner of the anisotropic toluene molecules orientation
relative to the deformed polystyrene chain could increase the perpendicular
polarizability. This trend should not be surprising in light of the many birefringence
studies of polymer solutions and gels that have found strongly solvent
-dependent
segmental optical anisotropics [58,59,81]. Short-range orientational order of
anisotropic solvent molecules can give rise to abnormally large optical anisotropics [81].
We attempted to confirm the above calculation by employing depolarized
scattering measurements to determine the molecular optical anisotropy tensor <y2> for
the polystyrene/toluene system used in this study. The depolarized scattered intensity,
valid for infinitely dilute solutions, is related to <y2> by [82]
Ihv --^ (tt>
135X
4
(3.10)
where Ihv is the depolarized scattered intensity measured at 90°. The molecular optical
anisotropy tensor is related to the components of the molecular polarizability tensor a by
[83]
<f> = MpCOxx - Oyy)* (3.11)
where Mp is the molecular weight of the repeat unit of the polymer chain. The
depolarized scattered intensity from toluene, however, overwhelms the signal from the
high molecular weight polystyrene used in this study. To obtain sufficient depolarized
signal from high molecular weight chains in solution, relatively high concentrations are
needed. In addition to the non negligible solute-solute interactions, such high
concentrations are impractical for the available scattering instrument. To estimate the
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molecular polarizability components, we used the literature value of the average
molecular optical anisotropy of atactic polystyrene in toluene reported by Fourche and
Jacq [84] to be 0.9 A6
;
this value was obtained with lower molecular weight
polystyrene. Along with the known average polarizability of polystyrene, i.e., a =
144 x 10-25 cm3, molecular polarizability components oc^ and Oy
y are calculated to be
7.96 x 10-24 and 17.6 x 10-24 cm3 respectively. The ratio INF/IF calculated from these
values is 1.5, suggesting at most a 50% increase in scattered intensity in the presence of
flow. As tabulated in tables 3.3-3.5, the empirically-derived correction ratios are
substantially larger, exceeding any uncertainty in the theoretical analysis. Since the
scattered depolarized intensity is extremely sensitive to the tacticity and the
polydispersity of the polymer system including the purity of solvent, the different
polymer systems used in this study compared to that in the literature may be attributed to
such discrepancies.
3.3 Polystyrene in Carbontetrachloride (CCI4)
CCI4, isotropic in structure and polarizability, is used as a solvent for
polystyrene to investigate the contribution of solvent orientation to the optical anisotropy
of flowing polystyrene solution. Both toluene and CCI4 are good solvents for
polystyrene at room temperature; however, CCI4 is a more viscous solvent (r\ t0\ = 0.59
cp, TlCCU = 0.969 cp at 20° C). Since the same pressure gradient is applied to induce
suction for both polymer solutions, strain rates of only up to approximately 6,000 s" 1
are possible for polystyrene in CCI4.
3.3.1 Materials
A monodisperse polystyrene standard of nominal molecular weight 20 x 106
(Polysciences; Mw/Mn = 1.3) is dissolved in spectroscopic grade CCI4 previously
dedusted with 0.2 |im filters. Dilute concentrations ranging from 4.76 x 10-5 to 1.12 x
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10-4 g/ml are allowed to equilibrate with gentle stirring at room temperature for 2-3
days. The highest concentration is well below c* which is estimated from the
reciprocal of the intrinsic viscosity to be 400 ppm.
3.3.2 Light Scattering Results
Figure 3.34 displays the Zimm plot of the polystyrene standard in the quiescent
state. The Mw , <Rg2>z 1 /2 , and A2 determined via regression over the linear portions of
the constant concentration curves and constant angle curves are 22 x 106 g/mol, 355 nm,
and 6.8 x 10" 5 mol-cm3/g2 respectively. Figure 3.35 exhibit the extrapolated lines
extracted from the Zimm plot of polystyrene in CCU solutions subjected to a strain rate
of 6,150 s_1
.
Similar behavior is shown as in the case of polystyrene in toluene; the
extrapolated concentration line of the flow curves remain linear with an apparent increase
in slope coupled with a downward shift in the intercept. The slope of the extrapolated
angle line is indifferent from the case in the absence of flow.
Figure 3.36 displays the Zimm plot with the empirical correction applied to the
optical constant K in the presence of flow superimposed on the same solutions in the
absence of flow. Summarized in Table 3.8 are the correction ratios, determined from
the intercept in the case of no flow to that in the presence of flow, for each sample at
various strain rates.
Figure 3.37 illustrates the plot of the radius of gyration parallel to the extension
direction determined from the Zimm plots as a function of the applied strain rate.
Deformation, inferred from the measured radius of gyration, begins at a strain rate
slightly less than 1,000 s" 1 and continues rapidly at higher strain rates. The deformation
process appears to plateau at 6,000 s"1
,
reaching an extended radius of gyration which is
approximately a 30% increase from that at equilibrium.
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Figure 3.34. Zimm plot of the 20 x 106 Mw polystyrene in CCI4 from 9 = 0 to 40°
where cl = 4.76 x 10'5
,
c2 = 6.222 x 10-5, c3 = 7.98 x 10-5, and c4= 1.122 x 10"4
g/ml.
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Figure 3.35. Lines extrapolated to zero concentration and zero angle extracted from
Zimm plots of the 20 x 106 Mw polystyrene in CCI4 with flow ( £ = 6,150 s* 1 ) and
without flow.
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Figure 3.36. Zimm plot of the 20 x 106 Mw polystyrene in CC14 with flow (e = 6,150
s'
1
) after corrections have been made superimposed on the Zimm plot without flow.
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Son
3 Correction ratios determined from the shift of the Zimm plot y-intercept ofrb/O in CCI4 at vanous strain rates.
Strain Rate (s_1 ) correction ratio
^*m? > z mm)
0 1.0 355
400 1.0 359
1,068 1.083 376
3,150 1.243 430
6,150 1.363 458
9 3
480 -i
460 -
8000
Strain Rate(1/s)
Figure 3.37. Plot of R
gy/ determined from Zimm plot of 22 x 106 Mw polystyrene in
CCI4 as a function of strain rate.
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3.3.3 Birefringence Results
A plot of the relative flow birefringence as a function of strain rate for a 100 ppm
polystyrene in CCI4 is shown in figure 3.38. The birefringence signal begins to appear
above 500 s" 1 and continues to increase until it saturates at approximately 4,000 s' 1 .
The critical strain rate k* determined from this plot where the slope in the birefringence
curve is a maximum, is 647 fl. The reciprocal of the relaxation time, calculated
according to eq.3.1 to be 527 s' 1
,
agrees fairly well with the experimentally
determined critical strain rate.
3.3.4 Discussion and Conclusions
Figure 3.39 demonstrates the similar trend of the measured radius of gyration
parallel to the extension direction and the relative flow birefringence as a function of
strain rate for polystyrene in CCI4. Both the deformation and the birefringence signal
suddenly rise above 500 s* 1 and continue to increase until both begin to saturate at
higher strain rates. As in the case of polystyrene in toluene, the polymer chains in CCI4
appear to be partially extended. Coupled with the saturation of birefringence at high
strain rates, a similar picture of the polymer chain in the flow field emerges. The
polystyrene coil passing through the stagnation point region experiences strong
hydrodynamic forces for a short period of time which is long enough to orient segments
of the polymer chain but not sufficient to fully extend it.
The maximum correction ratio for polystyrene in CCI4, determined at the highest
strain rate examined, 6,150 s* 1 , is 1.363. The correction ratio for polystyrene in toluene
at 4,100 s" 1 is 1.654 and at 6,500 s* 1 is 2.113. The maximum correction ratio for
polystyrene in CCI4 is, considering the experimental error, within the range
demonstrated in section 3.2 for the case where all of the polystyrene segments are
oriented in flow. This finding not only supports the idea that the majority of the
segments of the partially deformed polymer coil are oriented in the extension direction,
9 5
Figure 3.38. Normalized birefringence intensity of 20 x 106 polystyrene in CCI4 as a
function of strain rate.
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Strain Rate(1/s)
Figure 3.39. A plot of the R
gy/ along with the relative flow birefringence as a function
of strain rate of the 20 x 106 Mw polystyrene in CCI4.
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the polymer chains passing through the stagnation point region. The observed limited
stretchmg, coupled with the saturation of birefringence, suggests that the local segmental
orientation takes place faster than the unravelling process of the chains at high strain
rates.
CHAPTER 4
BIREFRINGENCE OF STIFF POLYMER CHAINS IN ELONGATIONAL FLOW
The response of polymer molecules in an elongational flow can provide valuable
information about molecular rigidity. As discussed in Chapter 3, birefringence studies
of dilute, flexible polymer solutions in uniaxial elongational flow all exhibit a localized
birefringent line along the exit symmetry axis of flow. The birefringence intensity
abruptly increases after a critical strain rate fie is reached, as shown in figure 4.1 (a).
Determination of £<. allows a longest conformational relaxation time to be obtained. Stiff
polymer chains, however, exhibit a different response in elongational flow. The
birefringence patterns of stiff polymer chains in uniaxial elongational flow is delocalized
[11,25,28], spreading over the whole region of the flow field. In contrast to flexible
chains, where sufficient strain rates and residence times are needed to overcome the
entropic restoring force of the polymer coil, much lower strain rates suffice to overcome
the disorienting tendency of stiff chains due rotary Brownian motion. The alignment
and orientation of stiff chains take place gradually as shown by the continuous increase
in birefringence with strain rate in figure 4.1 (b) [11,28].
In this chapter, a qualitative study of the behavior of two samples which are
considered stiff polymers, xanthan and DNA, in uniaxial elongational flow is presented.
The effect of concentration on the observed birefringence patterns will be discussed.
4.1 Experimental
Xanthan used in this study is a polydisperse polysaccharide supplied by Pfizer
Chemical under the trade name FLOCON BIOPOLYMER 4800. This sample is a raw
broth from the fermentation process and has a gelatinous appearance. DNA (Herring
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Figure 4.1. Birefringence intensity as a function of strain rate for (a) a dilute, flexible
polymer solution and (b) a stiff polymer solution.
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Testes), also polydisperse, is obtained from Sigma Chemical. For xanthan, the
solutions are prepared by diluting the appropriate amount of the polymer in filtered,
distilled water. DNA solutions are made by directly dissolving the polymer into
distilled, filtered water. The concentrations prepared for each sample are 100, 200, 250,
and 500 ppm.
The optical arrangements for carrying out birefringence observations is described
in Chapter 2. The opposed jets device is positioned in a rectangular glass cell filled with
polymer solution. This cell is placed between the polarizer and analyser of the optical
set up. A vacuum pump is used to induce suction of the polymer solution into the jets.
The gap width between the jets is set at 1 mm.
4.2 Birefringence Results
4.2.1 Xanthan
Figures 4.2 - 4.5 display the birefringence patterns of each concentration of
xanthan solution in uniaxial elongational flow at a strain rate of 1 1,300 r 1 . For the 100
ppm solution, a diffuse birefringent pattern, similar to that observed from flexible
chains, appears between the region of the two jets and into the jets as well. With
increasing concentration, the birefringent pattern appears brighter and more defined. At
the highest concentration, a bow-like pattern appears between the jets accompanied by a
bright birefringent region above and below the region between the jets. The increase in
birefringent intensity suggests an increase in the number of xanthan chains orienting in
the direction of the streamline of the flow. The xanthan chains aligned with the
streamline of the incoming flow field outside the jets make an abrupt turn as they move
into the region between the jets, creating dark cross lines which form the bow-like
pattern. Dark lines indicate regions where the polymer chains are oriented in the
direction of the polarizer and analyser.
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Figure 4.2. Birefringence pattern of a 100 ppm xanthan in distilled water at a strain rate
of 11,300 s- 1 .
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Figure 4.3. Birefringence pattern of a 200 ppm xanthan in distilled water at a strain rate
of 11,300 s-1.
F
£?;1a " ?^^^ence pattern of a 250 ppm xanthan in distilled water at a strain rateOr 1 I MM) c-1
Figure 4.5. Birefringence pattern of a 500 ppm xanthan in distilled water at a strain rate
of 11,300 r1 .
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4.2.2 DNA
Figures 4.6 - 4.9 display the birefringence patterns of each DNA concentration
in uniaxial elongational flow at a strain rate of 7,200 s-l. Unlike the 100 ppm solution
of xanthan, no birefringence is seen in the region between the two jets nor into the jets.
A diffuse pattern, however, is observed above and below the opposed jets region. The
absence of birefringence between the jets is also apparent if the polarizer and analyser
are changed to directions parallel and perpendicular to the extension direction of flow,
suggesting a random orientation of the DNA molecules in this region. At 200 ppm, the
birefringent intensity outside the opposed jets region become brighter, and at the same
time, a well defined dark pattern appears between the jets. At 250 and 500 ppm, the
bow-like pattern appears, similar to that observed from xanthan solutions, with
birefringence spreading well into the jets.
4.3 Discussion and Conclusions
Both xanthan and DNA are considered stiff polymers and one expects similar
behavior in flow from both polymers for which relatively high orientation with the
streamlines can be achieved when sufficient strain rates are applied. Different
birefringent patterns, however, are observed at low concentrations, apparently due to
differences in the degree of stiffness between the two polymers. Owing to its inherent
flexibility, xanthan in dilute solution exhibits a flow-birefringence pattern analogous to
that observed for a flexible polymer; a rather diffuse birefringent band spans the space
between the jets. The DNA sample studied is probably more stiff than xanthan. The
birefringence pattern of the dilute DNA solution suggests that the polymer chains are
aligned along the incoming streamline of the flow above and below the jets. As the
polymer chains approach the jets, the abrupt change in the flow direction causes the stiff
chains to rotate and orient. The rotation and reorientation process takes a finite amount
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of time, resulting in a random orientation of the stiff DNA chains, hence, the non-
birefringent region.
As the concentration of the polymer solution increases, effect of the polymer
stiffness becomes more apparent. Both DNA and xanthan exhibit patterns consistent
with cham orientation along streamlines, where birefringence 1S observed over a large
region ins,de and outside the gap between the jets. For the case of DNA, the rotation of
the polymer chams as they approach the jets are restncted due to the presence of
neighboring chains at higher concentrations, resulting in the bow-like pattern between
the jets. Although xanthan may possess some inherent flexibility, the stiffness character
dominates at higher concentrations as also seen from the similar birefringence pattern.
The effect of concentration on the birefringence patterns of xanthan and DNA
solutions in elongational flow reveal the importance of chain stiffness. The observed
delocalized birefringence patterns at high concentrations suggest that both xanthan and
DNA possess a high degree of chain stiffness. At low concentrations, the difference in
the degree of flexibility is readily distinguished. Dilute xanthan solutions exhibit a
birefringent pattern similar to flexible chains in uniaxial elongational flow, suggesting
that xanthan is more flexible than DNA. Elongational flow birefringence can thus be
used to qualitatively distinguish between stiff and flexible polymer chains, as well as
polymer chains possessing chain structure with intermediate stiffness or flexibility.
CHAPTER 5
CONCLUSIONS AND FUTURE WORK
In this study, light scattering has been employed for the first time to probe the
deformation of flexible polymer chains in solutions subjected to a steady, nearly
homogeneous elongational flow. Uniaxial elongational flow is generated by an opposed
jets device which creates a strong stretching flow at its stagnation point. The statistically
averaged size of the polymer chains passing through the vicinity of the stagnation point
and at the same time experiencing the strong hydrodynamic forces, is measured by light
scattering. Flow birefringence, a complimentary technique indicating change in the local
segmental orientation of the polymer chain in flow, is measured as well.
Light scattering results indicate a limited overall stretching of polymer chain in
elongational flow, however, birefringence suggests a substantial orientation on the
segmental level. The onset and saturation of birefringence do not correlate with
complete unraveling of the polymer chains. It is suggested that the current
measurements, although performed at the stagnation point and its vicinity, reflect a
limited residence time, a time that may be sufficient for segmental orientation but not for
chain unraveling.
The accomplishment of this investigation has provided us a step forward in
trying to understand the highly complex nature of polymer dynamics in flow. The
significance of this particular problem arises from the lack of knowledge concerning the
conformation of polymer in flow. Such information would certainly improve our ability
to predict macroscopic Theological properties. Although light scattering has permitted us
to probe the overall statistically averaged size of a polymer chain passing through
a
region of flow with gTeat elongating forces, many unanswered questions, however,
still
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remain, particularly how ,0 concise these results with the commonly observed
midpoint sciss.on of polymer chains. Do the molecules deform into the shape of a "yo-
yo" prior to chain breakage or are they fully unravelled? Our Irgh. scattering results do
no. contradict either speculated pre-fracture conformations
,
but at this stage, we are
unable to drfferenria.e between them. To drs.mgoish between the two conformance
would require additional experiments which would be able to probe the polymer chains
individually in a smaller spatial scale.
Additional investigations of different polymer systems and solvent qualities in
flow will certainly provide important insights and complimentary information to the
current study on the chain stretching process. The scattered intensity in flow from
polymer systems which posses greater polarizabuity along the chain backbone should be
different from that of polystyrene. The effect of solvent quality on the elongational
viscosity [6] should also have similar repercussions on the deformation of polymer coil.
Finally, further understanding of the effect of flow on polymer conformation will
necessitate more detailed studies of the flow field between the opposed jets. The only
study by Schunk et al. [60] examined the flow of Newtonian liquids in an opposed jets
device, concentrating mainly on the stresses exerted on the jets. A direct simulation of
the flow field within the region between the jets will provide a more accurate description
of the strain experienced by a fluid element and a better understanding of its effect on a
polymer chain.
APPENDIX
LIGHT SCATTERING MANUAL
A.l Components of the light scattering apparatus
The entire set-up of the light scattering apparatus illustrated in figure 2.2 is
mounted on a 4' x 6' vibration
-free optical table (Newport). A vertically polarized 10
mW He Ne laser with a wavelength of 632.8 nm, is mounted in a precision laser angle
mount (Oriel) attached to a laboratory jack (Newport) for vertical positioning. The laser
beam is initially divided by a non-polarizing beam splitting cube (Melles Griot), set on a
prism holder (Melles Griot), into a parallel incident beam and a perpendicular alignment
beam. The incident beam passes through a Glan Thompson prism polarizer (Karl
Lambrecht), held in a Melles Griot polarizer holder, and into a condenser lens (f=250
mm, Newport), mounted in a lens positioner (Newport). Due to the difference in the
refractive index of the glass vat and air, if the condenser lens were placed at 250 mm
from the center of the vat, the actual focal point would be beyond the center position.
Taking into account this refractive index change, the condenser lens is placed at 274 mm
in order for the true focal point to coincide with the center of the vat. The focussed
beam waist d, at the center of the scattering vat is determined from [66]
d =
ndo (A.l)
where X is the wavelength, f is the focal length of the condensing lens, and do is the
diameter of the beam at the condensing lens (1.75 ± 0.25 mm). From equation A.l, the
calculated beam waist is 1 15 ± 25 |im.
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Before entering the vat, the beam passes through a 2.0 mm diameter pinhole to
eliminate extraneous light originating from beam impingements on preceding optical
components. The scattering vat is a polished 10.16 cm diameter precision bore Pyrex
glass cylinder (n=1.474, Wilmad Glass) 10.48 cm in height with 0.68 cm thick walls; it
can hold up to 500 ml of solution. The vat is securely fined inside the rim of a Teflon
plate containing three vertical set screws in its base to allow tilt adjustments to the vat, as
shown in figure A.l. Together, the scattering vat and the Teflon plate are placed inside
an anodized aluminum jacket possessing a machined, semicircular strip window at the
appropriate height for the detection optics. Horizontal teflon set screws in the jacket at
three locations allow the in-plane location of the vat to be controlled with high precision.
A 600 |im pinhole, positioned on an anodized semicircular sleeve, is placed
directly against the inner wall of the vat in order to block extraneous light emanating
from the point of beam impingement on the glass vat. Pictured in figure A.l is the
anodized sleeve positioned within the scattering vat. This anodized semicircular sleeve
remains immersed in the polymer solution during the scattering experiments. A
removable light trap (neutral density filter, D=4.0), also shown in figure A.l, hangs
from the sleeve directly opposite the pinhole and angled downward to absorb and reflect
the exiting beam out of the scattering plane.
The aluminum jacket is affixed to a support base which is mounted to the optical
table through a 7.5 cm diameter hole located at the center of a 30.0 cm diameter rotation
stage (New England Affiliated Technologies). Attached on top of this stage is a 0.635
cm. thick aliiminum plate with the same size hole at its center. Bolted onto the plate is a
rigid, 66.0 cm aluminum arm supporting an optical rail (Newport) on which the
detection optics consisting of an objective lens (fl=89 mm, f2=60 mm, Rolyn Optics), a
150 |im wide vertical slit (Melles Griot), and a photomultiplier tube (model R928,
Hamamatsu) with housing (model PR- 1405 RR) are attached. Figure A.2 outlines the
detection optics
116
1 17
h'
Figure A.2. Schematic of the detection optics placed according to Newton's lens
equation: fi and f2 are the front and rear focal lengths of the objective lens, N0 =
distance from the object to the front focal length, and Ni is the distance from the rear
focal length to the image.
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philosophy. The objective lens and slit are placed according to Newton's lens
[85]
equations
N 0 fi
h. - hi
No h
h Ni
(A.2)
(A.3)
(A.4)
are
where h is the height of the object, h' is the height of the image (150 \im), fi and f2
the front and rear focal lengths of the lens (89 mm and 60 mm respectively), N0 is the
distance from the object to the front focal length (29 mm), and N, is the distance from
the rear focal length to the image (180 mm). With this set up the image formed on the
slit is magnified three times, which corresponds to a 50 [Lm region of the scattering
volume at 90°.
The stepper motor of the rotation stage is regulated by the NEAT controller and a
Televideo computer. A 2000 step input from the computer corresponds to rotating the
optical rail 10°. The optical rail can be rotated over 360°, however, the presence of the
incident optical components as well as the electrical cables attached to the photomultiplier
tube limit the angular range from 0° to 120°. A lead brick mounted on the aluminum
arm at the opposite end from the photomultiplier tube forms a balanced counterweight
during the rotation. The angular acceptance of the detection optics is less than 0.2°, and
nominal wobble in the rotation stage is below 20".
The scattered intensity signal is detected by the side-on photomultiplier tube,
which is connected to a high voltage power supply (model 456, Ortec) set at -975 V.
Signal from the photomultiplier is processed into appropriate pulses by a preamplifier-
119
discriminator system (model F-100E, Modem Instrumentation Technology) for the
photon counter (model PRM-100, Modem Instrumental Technology). An IBM PC
connected to the photon counter, directly screen displays and stores the photon count
rate through program "LSIOO". The dark count rate generally increases with
temperature. The typical averaged dark count rate at room temperature (20°C) is 600
counts/s which accounts for less than 10% of scattenng from toluene at 90° (9000
counts/s on average). The detector's dead tune limits the range in which the intensity of
light is linearly proportional to the count rate. Following Einaga et al.[86],
measurements of the dead time data determined for this detector system is 40 ns,
corresponding to a maximum photon count rate of 1.5 x 106 counts/s.
Birefringence measurements by this apparatus are made possible by insertion of
crossed-polarizers and rotation of the detection optics to 0° The polarizer (Melles
Griot), oriented at 45°, is usually placed between the condenser lens and the vat. The
analyzer (a polarizer sheet), oriented such that the intensity of the transmitted beam is a
minimum, is taped on the inside of the aluminum jacket. Several high density optical
filters are mounted on the objective lens via white puddy to further reduce the incident
intensity and prevent the photomultiplier tube from being exposed to excess light
intensity. The transmitted light intensity is also obtained by photon counting.
A.2 Alignment Method
When a realignment of all optical components is needed, remove the
beamsplitter, polarizer, condenser lens, the scattering vat, and the detection optics.
Then, remount each optical component as follows;
1
.
The vertically polarized 10 mW Spectraphysics laser needs to be mounted in the
right position to emit light vertically. This position can be determined by horizontally
mounting a polarizer, such as the Melles Griot film polarizer used in the birefringence
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measurements. The ,aSer is then rotated to a position where the leas, or no ligh, i,
emitted through the polarizer.
2
.
The laser must be mounted so that the beam is levelled at 7 in. above the optical
table. A pinhole, raised to 7 in. above the optical table, is permanently mounted on the
optical table at the opposite edge from the laser. Th,s pinhole wfl] be designated pinhole
1
.
Screws on the laser mount are used to adjust the laser so that the beam directly goes
through pinhole 1
.
A separate pinhole, also raised to 7 in. from the table top, is used to
check the levelling of the beam at different locations between the laser and pinhole 1 . If
the beam goes through pinhole 1 but not the other pinhole, then the beam is angled
upward or downward. The laser must be readjusted until it is levelled throughout its
path.
3
.
The laser must be adjusted to ensure that the beam passes over the rotation table
at its exact center. With a piece of kimwipe hanging in front of the laser and an
alignment pin placed on the rotary table, a shadow of the pin is observed on top of
pinhole I. See figure A.3. Rotate the rotary table 180°. If the beam is entering pinhole
1 sideways, the shadow of the pin will be shifted to the side of the pinhole. Use the
screws on the laser mount to adjust the laser and repeat the observations once again. If
the shadow of the pin is again on top of the pinhole after the rotary table is rotated 180°,
then the laser is aligned (this sideways alignment test is the pin test).
4. This step correctly positions the alignment beam. Place the beamsplitter in its
position. Check the beam level and repeat the pin test once again. Adjust the
beamsplitter if the pin test is not passed. The side beam emerging from the beamsplitter,
perpendicular to the incident beam, is extremely sensitive to the orientation of the
beamsplitter so check its level. The side beam is reflected by the alignment mirrors
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through the aluminum jacket and onto another pinhole pennanently mounted on the
optical table at 90° with respect to the incident beam, as shown in figure A.4. This
pinhole will be designated pinhole 2. The beam entering pinhole 2 will be called the
alignment beam. Repeat the pin test for this alignment beam. Placed between the
beamsplitter and the first alignment mirror is a small rectangular glass plate used to
reflect part of the side beam into another lens. This lens directs the reflected side beam
by making it cross the intersection of the incident and alignment beam at the center of the
glass vat and at the correct height. The intersection of the reflected side beam and the
mcident beam will later be used as an indicator for accurate positioning of the opposed
jets.
5
.
Place the prism polarizer, set for vertical polarization, into the incident beam path
and after the beamsplitter. Check the beam level and repeat the pin test. If the pin test
fails, rotate the rod supporting the polarizer holder and repeat the test again.
6
.
Mount the condenser lens in the incident beam path at 27.4 cm from the center of
the vat. The beam must go through the center of the lens. Again, check the beam level
and repeat the pin test. If the alignment tests fail, adjust the lens by using the screws
located on the lens holder.
7
.
Rotate the duminum arm to 0°. Mount the objective lens at 1 1.8 cm from the
center of the vat. If the beam goes through the center of the objective lens, it should also
directly go through pinhole 1. To check that the face of the lens is mounted
perpendicular to the incident beam, rotate the arm to 90°. The alignment beam will not
be deflected (as can be seen from its impingement on pinhole 2 at 90°) if the objective
lens is properly mounted.
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8
.
Rotate the am, back to 0°. Place the 150 urn wide slit, mounted on the front of
the photomultiplier tube housing, together with the housing itself in its position at 36.5
cm from the center of the vat. Make sure that the beam impinges on the center of the
slit.
9. Position a 2.0 mm pinhole between the condenser lens and the vat to eliminate
extraneous light originating from impingement on preceding optical components. Then
place the scattering vat fitted in the teflon plate in the aluminum jacket. Place the
aluminum plate on top to close off the vat. Fill the vat with approximately 400 ml of
toluene by directly filtering the solvent into the vat through a syringe fitted with a 0.5
M-m filter. Once the vat is filled with toluene, adjust the position of the vat with the
Teflon screws located in the aluminum jacket. The beam will appear to be elliptical in
shape when observed on pinhole 1
.
Center this beam on the pinhole by adjusting the
position of the vat using the Teflon set screws. Also, back reflections of the beam from
impingement on the vat can be observed on the 2.0 mm pinhole in the form of two thin
red lines, one vertical and one horizontal. To indicate correct positioning of the vat, the
vertical, red line should lie directly on top of the pinhole. To indicate correct vertical tilt
of the vat, the horizontal red line should lie directly on the pinhole and not above or
below it. Tilt adjustments are made via the three set screws located in the teflon plate
(refer to figure A. 1 ).
10. The final steps for a quiescent solution measurement are performed next. Open
the vat. Place the anodized sleeve which has been cleaned with filtered toluene into the
vat. Rotate the sleeve until the beam clearly enters the 600 |im pinhole attached to the
sleeve. Hang the light trap from the anodized sleeve directly opposite the pinhole so that
the beam impinges on the trap somewhere in the middle and not near its edges. Close
the vat. Allow several hours for dust particles to settle before taking measurements.
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Scattering measurements from toluene should be made after realigning the apparatus and
also before each experiment to ensure correct alignment. The procedure is as follows;
calculate the ratio I(9)sin0/I(9Oo) for each angle where 1(0) is the scattered intensity, in
this case measured in counts/sec, at angle 0 and 1(90°) is the scattered intensity at 90°.
This ratio should be 1.000 ± 0.015. If the ratio is not within the tolerable limits, either
the toluene needs to be refiltered or the instrument is misaligned.
11. To perform flow experiments, first filter the polymer solution into the vat, which
has already been placed in the aluminum jacket. Align the vat within the jacket by
observing the position of the beam at pinhole 1. Open the vat and place the anodized
sleeve so that the beam clearly enters the 600 \im pinhole. Hang the beam trap in its
position. Place one of the 0.25 in. thick rectangular slabs of teflon on top of the
aluminum jacket as shown in figure A.5.a . Place one side of the support base of the
jets on this slab, and at the same time, lower the jets into the vat. Carefully insert the
other teflon slab underneath the support base of the jets on the other side, allowing the
opposed jets device to firmly rest on the teflon slabs. Looking down into the vat from
the top, move the jets until the intersection of the incident and side beams are located
between the jets as shown in figure A.5.b . Then, block off the side beam. Carefully
slide the beam trap out of the incident beam path and observe the shape of the beam on
pinhole 1
.
This procedure ensures that the placement of the jets did not displace the
anodized semicircular sleeve within the vat. If the beam shape is distorted, move the
anodized sleeve until the beam cleanly goes through the 600 |im pinhole. Slide the beam
trap back to its normal position.
A.3 Solution Preparation
To measure the molecular weight, radius of gyration and the second virial
coefficient without flow requires a solution volume of approximately 300 ml for each
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Figure A.5. a: Positioning of the opposed jets within the scattering vat, b: Positioning
of the cappillary jets such that the intersection of the incident and side beams are located
between the jets.
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polymer concentration (this volume assures that the surface of the solution lies well
above the beam height in the scattering vat). For measurements under flow, make up
about 1000 ml of each concentration. At least three concentrations are necessary to
allow adequate data for extrapolations to zero concentration. The solvent should be
filtered through a 0.22m size filter via vacuum filtration prior to adding polymer. The
highest concentration should lie below c* and its counts at the lowest angle, (20°),
should be below 1.5 x 10* counts/s. The concentrations for flow experiments have
been in the range 3.0 x 10-5 to 4.0 x 10-4 g/ml, depending on the molecular weight.
The higher the molecular weight, the lower the concentrations used.
Directly filter into the scattering vat approximately 400 to 500 ml of the well-
dissolved polymer solution through a syringe fitted with a 0.5 uxn filter. Adjust the
position of the vat using the teflon set screws until the center of the elliptically-shaped
beam impinges directly on pinhole 1
.
Place the anodized sleeve in its position and make
sure the beam clearly enters the 600 ujn pinhole. Place the beam trap in its position and
close the vat with its top.
A.4 Taking Measurements
1. Turn on the laser, PRM-100 rate meter, and the high voltage power supply.
Leave them on for at least 6 hours before taking any measurements in order for the laser
and the dark counts to stabilize.
2. Turn on the Televideo computer and the NEAT stepper motor controller (don't
turn on the NEAT before the computer- it won't work this way). Press carriage return
on the Televideo computer. The stepper motor is now ready to be controlled by the
Televideo computer. An input of 2000 steps corresponds to a rotation of 10°. The + or
- sign in front of the number of steps indicates the direction of rotation. A + sign will
signal the optical rail to rotate to lower angles (counter-clockwise) whereas the - sign
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s.gnals the Cher direction. For example, if the detector am, is a, 90° and you wan, to
rotate to 60°, type in +6000. If you want to rotate back to 90°, type ur -6000. To
prevent rotations in the wrong direction and/or to avo.d puUrng the electncal cables
connecting the photomulnpber tube the wrong way, do no, type in more man 6000 steps
a. a nme. Also, NEVER mm off the NEAT stepper motor connoller or the computer
while the detector arm is rotatmg since this would immediately stop the arm at an
unknown angle.
3. Insert the "LIGHT SCATTERING" dlsk which contains DOS commands,
BASIC, and the LS100 program into drive A of the IBM PC. Insert another formatted
disk into drive B. This disk will be used to store the data files. Turn on the PC. Enter
the date and time. A prompt A> will appear on screen. Type in BASIC after the
prompt.
4. Now you are in BASIC. Type in LOAD" LS100. Now you are ready to
execute program LSI 00. Type RUN. The following will appear on screen;
Prm-lOOP test program for parallel interface
Enter time base as 2 A n in mS. Enter n in range 2-15.
Example:
For n= 2 Time= .004 seconds
For n= 3 Time= 8.000001e-o3 seconds
For n= 4 Time= .016 seconds
For n= 5 Time= .032 seconds
For n= 6 Time= .064 seconds
For n= 7 Time= .128 seconds
For n= 8 Time= .256 seconds
For n= 9 Time= .5120001 seconds
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For n= 10 Time= 1.024 seconds
For n= 11 Time= 2.048 seconds
For n= 12 Time= 4.096 seconds
For n= 13 Time= 8.192001 seconds
For n= 14 Time= 16.384 seconds
For n= 15 Time= 32.768 seconds
Enter 0 for exit
9
Choose a time base over which the data will be collected, i.e. for data to be collected and
averaged every .5 seconds, type in 9. Typically during a flow experiment, 8 is chosen
since 100 data points can be collected within 30 seconds, allowing enough polymer
solution to remain in the scattering vat.
5. Now you will want to store your data under a file name. The following prompt
will appear on screen after you have entered the time base;
enter data filename
•
Type in b:\xx.dat where b indicates that the data will be stored in the disk located in
drive B. You can name your file with letters or numbers not exceeding seven spaces (in
this case xxx), for example, cl90.dat may represent a file containing the count rates of
concentration cl at 90°. Press carriage return.
6. The computer will begin to store the count rate on the disk in drive B. The count
rate will also appear simultaneously on screen. After 100 data points have been
collected, the computer will signal a beep.
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7. To measure the scattered intensity at another angle, go to the Televideo computer
and enter the number of steps required to rotate the detector arm to the corresponding
angle. Then, return to the IBM PC and repeat the measurements once again starting
from RUN
8
.
During all scattering measurements, shut off the laboratory lights before opening
the photomultiplier tube shutter. Measurements typically are performed in the following
order:
a. Measure the dark counts.
b. Measure the scattered intensity from toluene.
c. Measure the scattered intensity from the solvent of the polymer solutions if
different from toluene.
d. Measure the scattered intensity from the polymer solutions beginning with the
lowest concentration. Once the measurement is completed, use a syringe to withdraw
the polymer solution in order to avoid moving the vat. Then, filter the next higher
concentration into the vat.
9
.
The procedure for taking measurements with flow is as follows;
a. First measure the scattered intensity from the solvent and the polymer
solutions as in part 8.
b. With the scattering vat filled (slightly below the height of the anodized
sleeve) with one concentration of the filtered polymer solution, set the flow
device as indicated in part 1 1 of the alignment section. Measure the scattered intensity at
a particular angle with the flow device present but no flow applied. The scattered
intensity from the polymer solution with the flow device present may be slightly
different from that without the flow device. The difference in refractive index of the
glass capillaries and the polymer solution result in slightly lower scattered intensity at
13 1
higher angles, whereas some scattering of light at the capillary edges may result in a
higher scattered intensity at lower angles. Now measure the scattered intensity with
the flow applied. Repeat the measurement procedure at another angle. The presence of
the jets limits the highest angular measurements to 60°.
c. Before each measurement, make sure there is sufficient polymer solution in
the vat for a flow measurement. Do not allow the polymer solution to be depleted close
to the level of the laser beam. When additional solution is needed, carefully filter the
new solution into the vat without displacing the jets. This addition may be performed by
taping a foot-long nalgene tubing onto the rim of the aluminum jacket, so that one end of
the tube hangs into the vat but does not touch the solution. Insert the tip of a syringe
-
fitted filter into the other end of the tubing and check for a tight fit. Directly filter
additional polymer solution in this manner.
d. Once the measurements from a solution are completed, remove the jets and
withdraw the solution from the vat. Filter another solution into the vat and
repeat the measurement process as in part b.
A.5 Data Analysis
To analyze the data files stored in the disk located in drive B, you will need a
LOTUS spread sheet program. Once you are in 123 of LOTUS, retrieve the file
PSLS.WK1 stored on the disk entitled "DATA ANALYSIS". This file is a worksheet
file containing numbers ranging from columns A through H. Column A contains
numbers ranging from cells 1 to 100. Later, you will import your data file onto column
A. Column B contains numbers from cells 1 through 10 and cells 12 and 13. The
number in each cell of column B represents an average of ten consecutive numbers from
column A, i.e. cell Bl is the average value of the numbers in cells A 1 to A 10, B 2 is the
average value of numbers in cells Al 1 to A20, etc. Cell B 12 is the average value of all
the numbers in column A (i.e. the average of Al to A100), and cell B13 is the standard
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deviation of all the numbers in column A. Column C contains the same number of cells
as column B. Cell CI, however, is the average value of the numbers in cells Al to A9
and cell C2 is the average value of the numbers in cells A10 to A18, etc. So cell C12 is
the average value of numbers in cells Al to A90 and cell C13 is the standard deviation of
numbers m cells Al to A90. Similarly columns D, E, F etc. are average values of
numbers from Al to A80, A70, A60 etc. respectively. This worksheet will facilitate the
statistical analysis used to determine the appropriate value from the 100 data points
obtained from the measurements.
The statistical analysis follows that of Haller et al. [67], in which the 100 data
points are assumed to fall into a Poisson distribution. First, the data is sorted in
ascending order and a variance test is performed. If the standard deviation of the data is
greater than 1.3 times the square root of the mean, there may be possible errors due to
scattering from dust particles. Data points lying more than 5 times the square root of the
mean above the smallest data point in the group are then discarded. The average and the
standard deviation of the remaining points are then recalculated. The following example
will show how this analysis is made.
Example 1 : Stored on the "DATA ANALYSIS" disk is an actual data file for toluene
scattering at 90° titled "EXT90.DAT". With the "PSLS.WK1" worksheet file on
screen, take the cursor to cell Al and import this data file. The 100 data points will
appear on column A. You must then sort the numbers in column A in ascending order;
use the following commands; DATA, SORT, DATA RANGE (Al to A100), PRIMARY
SORT KEY (Al to A100), SORT ORDER (A), and GO.
Now that the numbers in column A have been sorted, check the average and
standard deviation of the data points in cells B12 (should be 9346) and B 13 (should be
153). First, do a variance test. If the standard deviation (shown in cell B13) is greater
than 1.3 times the square root of the mean, then there may be dust particles contributing
to the scattering. Take the square root of the average and multiply by 5. Add the
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resulting value to the number in cell Bl (which m this case would result in a value of
9608). This number represents the upper limit, which lies between cells A96 and A97.
Discard the data points above A90. The value which represents the scattering data
obtained for toluene at 90° is therefore the average value of numbers from Al to A90
shown in cell CI 2 (in this case 9311).
Once the analysis have been made from all the data pomts, the values obtained
are used in program "ZIMMDAT" to directly calculate Kc/Re for the Zimm plot. You
will need to be in BASIC to use program "ZIMMDAT". Load and run program
"ZIMMDAT". Tabulated in Table A.l are values obtained from the data analysis and the
corresponding Kc/Re values calculated using "ZIMMDAT" from three concentrations of
a 5.35 x 106 molecular weight polystyrene in toluene. To generate a Zimm plot, plot the
Kc/Re values obtained vs. sin2(9/2) + kc where k is an arbitrary constant. Shown in
figure A.6 is a Zimm plot of the data tabulated in table A.l from 20° to 50°.
To evaluate data from flow experiments, first subtract the measured scattered
intensity value at a particular angle in the absence of flow from that in the presence of
flow with the flow device present. Add the resulting value to the scattered intensity
measured without the flow device present at the corresponding angle. The outcome
represents the scattered intensity in the presence of flow at that angle. Table A.
2
tabulates the measured scattered intensity from an experiment where flow is applied with
a strain rate of 5,000 s" 1 to three concentrations of a 5.35 x 106 molecular weight
polystyrene in toluene. The following example shows how the data is evaluated;
Example 2 : The scattered intensity from concentration cl at 60° shown in table A.l is
24827 counts/s. The scattered intensity from cl in the absence of flow but with the flow
device is 23415 counts/s shown in table a.2 (clnf at 60°). With flow, the scattered
intensity from cl with the flow device is 22545 (elf at 60°). Subtract clnf from elf
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Figure A.6. Zimm plot of the scattered intensity data of 5.35 x 106 polystyrene in
toluene tabulated in table A.l.
c = 0 line: y = 1.8473 + 7.849x
a = 0 line: y = 1.8783 + 0.44156x
Average intercept: 1.8628
Mw = 5.3 x 106 g/mol
Average slope of the extrapolated concentration lines: 8.2924
[slope / intercept]c=o = 16n2(ntoi)2Rg2 / 3>.2 ; Rg = 123 nm
slope a=0 = 2A2 / k ; A 2 = 1.19 x 10"4 mol-cm3 / g2
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Table A.2. Scattered Intensity Data from 5.35 x 106 Mw Polystyrene in Toluene in
Elongational Flow (e = 5,000 s" 1 ).
Angle
Samples
60 50 40 35 30 25 90
clnf 23415 31884 43789 52540 69023 93207 1 22964
elf 22545 31031 42829 51901 69053 93440 123306
clf-clnf -870
-853
-960
-639 +30 +232 +342
Iclf 23957 30076 39086 47105 56317 70399 90666
Kclf/Re 4.347 3.618 3.092 2.786 2.595 2.401 2.267
c2nf 35524 43480 61739 76626 94339 121136 179158
c2f 33847 41778 60506 75771 94348 122602 179884
c2f-c2nf -1677
-1702
-1233
-855 +9 +1466 +726
Ic2f 34892 44577 59574 72017 86881 110019 141003
Kc2f/R e 4.629 3.895 3.309 3.012 2.810 2.584 2.472
c3nf 53127 65756 95826 117729 149577 194945 272555
c3f 51298 64404 94541 116609 150522 195504 275662
c3f-c3nf -1829 -1352 -1285 -1120 +945 +558 +3107
Ic3f 54679 70850 93766 113091 137838 172395 227917
Kc3f/R e 4.978 4.211 3.696 3.399 3.159 2.967 2.749
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(clf-clnf). The resulting value indicates that the scattered intensity due to flow is
decreased by 870 counts/s. Add this value to the scattered intensity of cl in the absence
of the flow device (i.e. 24827 - 870). The outcome represents the actual scattered
intensity with flow of cl at 60° (i.e. 23957). Use this value to calculate Kclf/Re from
the "ZIMMDAT" program with the dark counts and K value as tabulated in table a.l.
Figure A.7 represents a Zimm plot of the flow-imposed scattered intensity of three
concentrations of the 5.36 x 10* molecular weight polystyrene in toluene.
1
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0.0
—i ' r 1
0.5 1.0
sin(0/2)*2 + 5000c
-i 1 1
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Figure A.7. Zimm plot of scattered intensity data from 5.35 x 106 Mw polystyrene in
toluene in elongational flow with £ = 5,000 s" 1 tabulated in table A.2.
c = 01ine; 1.7889 + 9.21 19x
a = 0 line; 1 .8086 + 0.44708x
Average intercept; 1 .79875
Correction ratio = 1.8628 / 1.79875 = 1.035
Average slope of extrapolated concentration lines; 9.5274
Rg = 123 x [1.035 x 9.5274 / 8.2924]-5 = 134 ran
A2= 1.12 x 10-4 mol cm3/g2 .
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